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ABSTRACT OF THE DISSERTATION 
LARGE-SCALE TESTING TO STUDY THE EFFECTS OF CRITICAL 
PARAMETERS ON THE AERODYNAMIC BEHAVIOR OF LONG SPAN BRIDGES 
by 
Ramtin Kargarmoakhar 
Florida International University, 2015 
Miami, Florida 
Professor Arindam Gan Chowdhury, Co-Major Professor 
Professor Peter Irwin, Co-Major Professor 
Long-span bridges are flexible and therefore are sensitive to wind induced effects. 
One way to improve the stability of long span bridges against flutter is to use cross-
sections that involve twin side-by-side decks. However, this can amplify responses due to 
vortex induced oscillations. 
Wind tunnel testing is a well-established practice to evaluate the stability of 
bridges against wind loads. In order to study the response of the prototype in laboratory, 
dynamic similarity requirements should be satisfied. One of the parameters that is 
normally violated in wind tunnel testing is Reynolds number. In this dissertation, the 
effects of Reynolds number on the aerodynamics of a double deck bridge were evaluated 
by measuring fluctuating forces on a motionless sectional model of a bridge at different 
wind speeds representing different Reynolds regimes. Also, the efficacy of vortex 
mitigation devices was evaluated at different Reynolds number regimes.  
One other parameter that is frequently ignored in wind tunnel studies is the 
correct simulation of turbulence characteristics. Due to the difficulties in simulating flow 
vii 
 
with large turbulence length scale on a sectional model, wind tunnel tests are often 
performed in smooth flow as a conservative approach. The validity of simplifying 
assumptions in calculation of buffeting loads, as the direct impact of turbulence, needs to 
be verified for twin deck bridges. The effects of turbulence characteristics were 
investigated by testing sectional models of a twin deck bridge under two different 
turbulent flow conditions. 
Not only the flow properties play an important role on the aerodynamic response 
of the bridge, but also the geometry of the cross section shape is expected to have 
significant effects. In this dissertation, the effects of deck details, such as width of the gap 
between the twin decks, and traffic barriers on the aerodynamic characteristics of a twin 
deck bridge were investigated, particularly on the vortex shedding forces with the aim of 
clarifying how these shape details can alter the wind induced responses. 
Finally, a summary of the issues that are involved in designing a dynamic test rig 
for high Reynolds number tests is given, using the studied cross section as an example. 
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researches in this field. During the last decades, many long span bridges have been 
constructed worldwide. Besides their attractive appearance which makes them to be 
considered as landmarks, difficulties associated with construction of short span bridges 
for certain locations have led to a rapid increase in the number of long span bridges. With 
the same pace, the material science and computer modeling skills have developed such 
that they have facilitated the design and building of longer span bridges. Longer span 
structures are more flexible and therefore are more sensitive to wind loads. The more 
flexible nature of longer span bridges highlights the importance of wind analysis prior to 
the adoption of the cross-section shape.  
The bridge response under wind-induced loads can be grouped into wind loading 
and stability problems. Among the stability problems, vortex-induced vibration (VIV), 
across-wind galloping, and flutter are all dynamic instability phenomena and torsional 
divergence is basically a static instability phenomenon occurring due to a process 
analogous to column buckling (Simiu and Scanlan, 1996). Galloping and flutter both are 
driven by self-excited aerodynamic forces. In flutter the aerodynamic forces become 
large enough to modify the oscillating frequencies of the structure and cancel the 
mechanical damping effects.  This can lead to structural failure. For galloping, flutter and 
torsional divergence a threshold wind speed exists above which these instabilities occur. 
However, VIV typically occurs over a narrow band of wind speeds that can be well 
below the design wind speed.  
Vortex shedding occurs during steady uniform flow when alternating vortices are 
periodically shed into the wake of a structure. The alternating pattern of vortices is 
commonly referred to as von Kármán vortex street. The alternating shedding of vortices 
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produces periodic forces that result in oscillations in a plane normal to the direction of 
wind flow. Significant oscillation can occur when the frequency of vortex shedding is 
close to the natural frequency of a flexible structure. These lateral vibrations have a 
strong organizing effect on the vortex shedding pattern which can increase the strength of 
the vortices and couple the vortex shedding frequency to the natural frequency of the 
structure. This phenomenon is known as lock-in and the vibration that occurs due to 
vortex shedding is called VIV (vortex induced vibration). The amplitude of the vibrations 
resulting from lock-in is limited by the balance between the energy input into the motion 
by the vortices and the dissipation of that energy by structural damping. Eventually large 
oscillations of the structure interfere with the uniform shedding of vortices and therefore 
the maximum amplitude of vortex induced vibrations may be self-limiting (Blevins, 
2001). 
Buffeting is a response problem that is defined as the unsteady loading on a 
structure due to velocity fluctuations in the oncoming flow which causes motions in the 
structure’s various modes of vibration. The buffeting response grows as the wind speed 
increases and at high velocities the buffeting action contributes significantly to overall 
wind loading. The estimation of bridge response to the turbulent oncoming flow is 
typically undertaken only after the aerodynamic stability of the deck cross-section has 
been assured. However, prediction of the bridge response under buffeting loads is crucial 
for the design of bridge components. 
Figure 1 shows a schematic view of major wind-induced dynamic responses that a 
long-span bridge deck may experience in a turbulent boundary layer flow. 
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tunnel testing on a scaled model of the prototype. The application of Computational Fluid 
Dynamics (CFD) in estimation of forces on oscillating bridge decks is limited because of 
the difficulty in conducting accurate simulation of complicated turbulent flows in high 
Reynolds number flow.  Therefore, wind tunnel testing plays an important role in 
evaluating the aerodynamic phenomena that the bridge section experiences under wind 
loading. The primary purpose of wind tunnel tests is to evaluate the flow field and wind 
generated loads to predict the structural response and avoid structural instability under 
these loads.  
For civil engineering applications, wind tunnel testing is normally performed in a 
boundary layer flow that can generate the vertical distribution of velocity at the test 
section similar to the profile of the wind encountered by prototypes. The full-scale 
distribution of the wind speed along the height can be estimated from the logarithmic or 
power law which can be simulated in a wind generating facility, comprising fans, by 
putting roughness elements and spires upstream of the test models. In reality, civil 
engineering structures experience fluctuating wind flow in time, resembling a turbulent 
wind flow. Putting the roughness elements and spires in front of the fans creates 
fluctuations in flow that can replicate the turbulent flow required for studying the wind 
effects on civil structures. However, due to the scaling rules, when using sectional models 
at large enough scale to obtain good geometric accuracy and avoid adverse Reynolds 
number effects, there is typically a significant mismatch in the ratio of the turbulence 
integral length scale to bridge width between the model and the prototype. One 
conservative practice is to evaluate the wind effects on the bridge model under smooth 
flow. This assumption can yield to larger responses compared to the real structural 
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responses of the prototype under natural wind (Wardlaw et al, 1983), but still can be used 
to ensure the stability of the structure. In order to investigate the bridge response in a 
turbulent flow using a wind simulating facility that cannot reproduce the turbulence 
length scale requirements, Partial Turbulence Simulation (PTS) was introduced by Irwin 
(1998). 
The aerodynamic behavior of the bridge can be studied using a motionless 
sectional model of the prototype under simulated wind conditions in a wind tunnel. 
However, in order to study the aeroelastic response of the bridge, some of the dynamic 
properties of the prototype should also be simulated, in addition to satisfaction of 
geometry similarity. There are three major types of wind tunnel tests that are commonly 
used in a wind tunnel to explore the aeroelastic behavior of models subjected to wind 
induced vibration: 
• Test on models of the full structure. 
• Test on taut-strip models. 
• Test on section models. 
The type of the testing can be decided based on the size of the test section and the 
objective of the experiments. Full model testing is the closest option to what happens in 
reality to the bridge section and can give all the required information about the different 
aerodynamic and aeroelastic responses. Tests on models of the full structure require that 
all the prototype details including the geometry and dynamic properties to be scaled and 
modeled in the experiments. Dynamic similarity can be satisfied by choosing appropriate 
material properties. Preparing the detailed model with all the scaled properties usually 
takes a long time and a high cost. Also, due to the relatively small size of the wind 
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tunnels, the scaling factor should be chosen large so that the full scaled model of the 
bridge fits inside the testing section. Therefore, simulating the deck details becomes 
harder as the size of the model is very small and also the Reynolds similitude is violated 
by a larger margin as the model scale becomes very small. 
A simpler approach in predicting the bridge response is to perform wind tunnel 
testing on taut-strip models of the structure. This method is relatively simpler and less 
expensive compared to the full scaled model testing while it offers most of the 
advantages of the full aeroelastic model testing. It enables the evaluation of the three-
dimensional character of the motion of the main span while some other details such as 
cables and side spans are not modeled. Coupling effects between the vertical and 
torsional modes can also be modelled for the first fundamental symmetric modes. Using 
this method, the Froude number similitude can be violated so that it can be used to both 
study vortex induced vibration at low wind speeds and aerodynamic instabilities at high 
wind speeds by choosing proper length and time scales independently. In this method, the 
geometry and mass of the prototype are scaled and modeled using cladding segments 
which are fixed to tensioned wires or tubes. The tensioned wires provide the required 
stiffness for the model in the three different degrees of freedom with sinusoidal mode 
shapes. This method provides information on the responses of the bridge deck in the 
individual modes of vibration.  The data from the wind tunnel tests can then be used in 
further analyses to predict the complete bridge behavior. Taut-strip model was first 
introduced by (Davenport et al, 1971) and the details of this approach and the findings of 
the tests can be found in (Davenport et al, 1971). Taut-strip models can be used for 
studying the buffeting response of structures under natural winds (Macdonald et al, 2002) 
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as well as extracting the aerodynamic characteristics of bridge deck (Davenport et al, 
1971; Ma and Chen, 2007). Building a taut-strip model is much simpler than building a 
full aeroelastic model; however, it is more difficult compared to building a sectional 
model (Ma and Chen, 2007). 
The simplest and most widely used wind experiment on bridges is sectional model 
testing. While section model testing had been used since the 1940’s to evaluate bridge 
deck stability, the first use of section models specifically to identify flutter derivatives 
was by Scanlan and Tomko (1971). The basic idea behind this method was an adaptation 
of Theodoresen’s theory (Theodorsen, 1935). In a section model test, a geometrically 
scaled model of the structure is tested in a wind flow simulating the scaled atmospheric 
flow conditions. A section model is a two dimensional (2-D) section of the body that is 
built to a scale to replicate a representative span-wise section of the prototype. The 
sectional model should be rigid so that the model mode shape remains uniform over its 
entire length. Sectional model testing can be used both to study the aerodynamic and 
aeroelastic response of the structure by preventing and allowing the model vibration 
accordingly. In order to accommodate the model motion for studying the aeroelastic 
effects, the model is often supported by springs at the ends allowing motions of the rigid 
model along vertical, torsional and lateral directions. Section model testing is usually 
performed in the initial stages of the design to detect signs of vortex induced vibration 
and wind induced instabilities. This method can also be used to determine a wide range of 
aerodynamic properties ranging from static force coefficients to aerodynamic derivatives. 
Section modeling often provides fundamental aerodynamic data that is used as a basis for 
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comprehensive analytical studies. Scanlan et al (1997) give a summary of comparison 
between taut-strip model and section model testing. 
In order to obtain the actual prototype response under natural winds from 
experiments, it is required that geometric, kinematic and dynamic similarities to be 
satisfied between the model and the prototype based on the similitude theory. This means 
that the shape of the model and topographical features, velocity field, flow pattern and 
forces generated on the model should be as close to reality as possible, considering the 
scaling factors (Liu, 1991). Therefore, experimental practice should address this 
similitude either by matching all the relative parameters completely or by acknowledging 
the level of uncertainty in conclusions as a result of imperfect simulations. In most cases 
it is almost impossible to satisfy all the similitude requirements because of the limitations 
in the test setup and modeling capabilities. Therefore, it is of importance to understand 
how this violation of similitude can affect the test results. 
1.2.1 ܴ݁ effects on wind tunnel testing 
One problem is that the normal range of Reynolds number that can be simulated 
in the majority of wind tunnels is two to three orders of magnitude smaller than the ܴ݁ 
range for the prototype. Therefore, the similarity condition with respect to ܴ݁ cannot be 
satisfied in ordinary cases. It has been shown that the topology of the flow around some 
bridge decks changes with Re (Schewe, 2001; Schewe and Larsen, 1998).  
Traditionally it is believed that separation points are fixed for wind flow around a 
bridge, considering the fact that bridges can be considered to be bluff structures. Based 
on this assumption wind tunnel tests have been performed for smaller ܴ݁ compared to the 
real bridge condition. However, recently several studies have demonstrated that 
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aerodynamic characteristics and wind response of bridges and generally bluff sections 
can be influenced by ܴ݁ (Hui and Larsen, 2002; K. Matsuda, 2001; Larose and 
D’Auteuil, 2006; Larsen et al, 2008; Schewe, 2001; Schewe and Larsen, 1998). 
Schewe and Larsen (1998) studied the flow around a bluff bridge deck in a 
pressurized wind tunnel capable of reproducing typical model scale (ܴ݁≈10ହ) and 
prototype conditions (ܴ݁≈10଻). They observed pronounced ܴ݁ effects in the Strouhal 
number, and drag coefficients. K. Matsuda (2001) investigated the ܴ݁ effects on the 
steady and unsteady aerodynamic forces on a twin-box streamlined bridge deck in a 
smooth flow. They concluded that conventional wind tunnel test results in the low ܴ݁ 
region were conservative for wind resistant-design of bridge decks. Schewe (2001) 
studied the variation of ܴ݁	(10ସ<ܴ݁<10଻) effects on the aerodynamic properties of a 
circular cylinder (considered to be a classical bluff body), a sharp-edged, trapezoidal-
shaped bridge element (considered to be a less bluff body), and a thick airfoil at a high 
attack angle (acting in between the bluff and stream lined cross section). In all cases, it 
was concluded that altering the ܴ݁ value during the tests has led to significant changes in 
the force coefficients and Strouhal number (ܵݐ). This behavior was attributed to the flow 
structure around the body, the laminar to turbulent transition of the boundary layer/shear 
layer and its location.  
Hui and Larsen (2002) tested the Stonecutters bridge with different scales and 
concluded that among the force coefficients only the drag coefficient was ܴ݁ dependent. 
Also, vortex induced vibrations showed correlation with ܴ݁ value. Larose and D’Auteuil 
(2006) investigated the effects of edge sharpness, turbulence and width-to-depth ratio on 
ܴ݁ sensitivity for rectangular prisms to parameterize the link between the geometry of a 
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bluff body with the sensitivity of its aerodynamics to ܴ݁. Larsen et al (2008) studied the 
efficiency of guide vanes used in Stonecutters Bridge for mitigating the vortex excitations 
for different ܴ݁. Their results showed that while testing with low ܴ݁ was unable to 
demonstrate the efficiency of the guide vanes, increasing ܴ݁ showed that adding the 
vanes can suppress the vortex induced vibrations completely. The last two studies show 
that not only the flow characteristics can change the bridge aerodynamic behavior, but 
also the section shape and detailing can mitigate or worsen the aerodynamic instability. 
1.2.2 Turbulence effects on aerodynamic response of bridge model 
Researchers have used smooth flow with limited turbulence for their studies 
assuming that this condition is the worst scenario for aerodynamic instabilities. In reality, 
long-span bridges can experience turbulence intensities as great as 20% and integral 
scales as large as ten times their deck width. This shows the significance of studying the 
approaching wind turbulence effect. However, due to the limitations associated with the 
majority of wind tunnels, turbulence characteristics, namely turbulence intensity and 
turbulence integral length scale, cannot be simulated thoroughly in the experiments. The 
high cost of simulating every turbulent parameter motivates one to understand the effects 
of imperfect simulation. Regarding turbulence effects, there are some cases in the 
literature that show contradictions between different researches (Haan Jr. et al, 1998). 
Turbulence parameters include turbulence intensity, turbulence integral scale and 
turbulence spectra. Several researchers have studied the effects of different wind 
turbulence characters on long span bridge behavior. One of the first to do so was 
(Wardlaw et al, 1983) who studied and compared the bridge behavior for different 
systems with a variety of testing techniques. In general, they concluded that for certain 
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types of bridge systems, increasing the turbulence intensity reduced the amplitudes due to 
vortex excitation. However, their observations were not all consistent and they were not 
able to explain the reason for all of their observed results. Haan Jr. et al (1998) studied 
pressure fields around rectangular prisms under turbulent flows of varying scales. 
According to their results, altering the integral scales of the incident flow changed the 
mean, rms, and negative peak pressure distributions around the section. 
In an analogous study, (Haan and Kareem, 2009) studied the turbulence effect on 
aeroelastic quantities for an oscillating rectangular prism with a forced-vibration system. 
To this end, they measured chord-wise distributions of self-excited pressure amplitudes 
and derived associated phases. They integrated these distributions over the section width 
and calculated conventional flutter derivatives from numerical integration. According to 
their results, turbulence was found to have a stabilizing effect on the aerodynamics of the 
prism. While there are some researches in literature investigating the effect of turbulence 
on the flutter and buffeting responses of bridge decks (Haan and Kareem, 2009; Larose, 
2002; Lin et al, 2003), only limited studies have considered the turbulence effect on VIV 
(Macdonald et al, 2002; Wardlaw et al, 1983). 
According to the author’s knowledge, no experimental study has been carried out 
to consider the simultaneous effect of ܴ݁ simulation and sensitivity to the turbulence 
parameters.  
1.2.3 Effects of geometry and shape details on aerodynamic response of bridges 
In order to ensure the aerodynamic stability of bridges, several cross sectional 
configurations have been proposed in the literature. It has been shown that even a minor 
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change in the cross sectional shape can change the aerodynamic response of bridges 
significantly (Fransos and Bruno, 2010; Jones et al, 1995).  
Several researchers have tried to evaluate the effect of the cross sectional shape 
on the bridge response to the wind loads (Kwok et al, 2012) while some others tried to 
avoid aerodynamic problems by proposing an inherently superior cross section(Larsen 
and Wall, 2012). Kwok et al (2012) studied the effects of gap width on the aerodynamic 
characteristics for a twin-deck bridge in a nominally smooth flow. The results 
demonstrated that the bridge was susceptible to vortex shedding when a gap spacing was 
introduced between the two girders, and changing the gap-width significantly altered the 
excitation mechanism. Larsen and Wall (2012) demonstrated that by choosing a proper 
angle between the horizontal bottom plate and the inclined side panes for trapezoidal 
bridge sections, vortex shedding can almost be avoided. 
Lin et al (2003) investigated the effect of deck geometry and oncoming turbulence 
on the flutter and buffeting behavior of cable supported bridges using wind tunnel testing. 
Their results showed that increasing the width to depth ratio and increasing the free 
stream turbulence enhanced the bridge’s aerodynamic stability. Fransos and Bruno 
(2010) studied the combined effects of the integral length scale and the lower corner 
radius of curvature on the flow field around a trapezoidal bridge deck cross-section 
numerically. They concluded that by making small changes in the parameter values, force 
coefficients and Strouhal number changed dramatically due to significant modifications 
in the topological structure of the flow. They suggested that the different ܴ݁ regimes 
proposed by Schewe (2001) can happen even for a fixed ܴ݁ condition, if flow and/or 
section properties get modified so that the flow pattern changes around the section. 
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Figure 2: Effective forces/moment and wind flow direction for a bridge deck in motion 
 
In the following, the derivation of the aerodynamic forces in the across wind 
direction, based on the quasi-steady theory, is explained. Then the calculated forces are 
combined with the equations of motion to predict the bridge response under a turbulent 
approaching flow. Based on the results from the across wind direction, the formulations 
are extended to other degrees of freedom to capture the bridge response in along wind 
and torsional directions. 
Considering the mean wind speed to be equal to തܸand the fluctuating components 
to be equal to ݑ and ݓ in the along and perpendicular to mean wind speed directions, the 
relative wind speed ( ௥ܸ) that an oscillating bridge will perceive can be calculated from: 
௥ܸ = ඥ( തܸ + ݑ − ݔሶ)ଶ + (ݓ − ݖሶ)ଶ (2)
Assuming that bridge deck displacements and fluctuating wind speeds are small, 
all the terms including these parameters to the power of two and their multiplication to 
each other can be neglected. Therefore, relative wind speed ( ௥ܸ) can be obtained from the 
simplified equation below. 
௥ܸ = ඥ തܸଶ + 2 തܸݑ − 2 തܸݔሶ   (3)
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For the oscillating bridge, the relative wind angle of attack (ߙ) can be calculated 
from: 
ߙ = ߠ + ݓ − ݖሶ − ݊ܤߠ
ሶ
തܸ + ݑ − ݔሶ  (4)
The dotted parameters show the derivative of each quantity with respect to time. ݊ 
represents the eccentricity between the point of application of the generated aerodynamic 
force and idealized center of geometry. Irwin (1977) introduced ݊ܤߠሶ  for bridge decks to 
express quasi-statically the contribution of the torsional aerodynamic damping in the 
equation of motion. It was shown that this parameter was not constant for different force 
components and different shapes (Chen and Kareem, 2002; Neuhaus and Höffer, 2011).  
Assuming that force coefficients are linear functions of angle of attack, the force 
coefficient at each angle of attack (ܥ௅(ߙ)) can be calculated from the force coefficient at 
zero wind angle of attack (ܥ௅(0)) and the rate of variation of force coefficient with angle 
of attack (݀ܥ௅ ݀ߙ⁄ ) from the following equation: 
ܥ௅(ߙ) = ܥ௅(0) + ߙ × (݀ܥ௅ ݀ߙ⁄ ) (5)
Considering the motion of the bridge deck and the resulting relative wind speed, 
the lift force per unit length can be obtained from the following equation: 
ܨ௅ = 1 2ൗ ߩܤ ௥ܸଶ × ܥ௅(ߙ) (6)
From Eqs. 3 to 6, the lift force per unit length can be calculated from the 
simplified equation below: 
ܨ௅ = ߩܤ 2ൗ ൭ܥ௅(0) തܸ ଶ + 2ܥ௅(0) തܸݑ + ߱ തܸ ݀ܥ௅ ݀ߙൗ − ݖሶ തܸ
݀ܥ௅ ݀ߙൗ − 2ܥ௅(0) തܸݔሶ
+ ߠ തܸଶ ݀ܥ௅ ݀ߙൗ − ݊ܤߠሶ തܸ
݀ܥ௅ ݀ߙൗ ൱ 
(7)
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The generated forces can be categorized into mean wind loads, the buffeting wind 
loads, the motion induced loads (corresponding to aerodynamic damping) and coupling 
loads (factor of displacements in the other directions), as follows: 
 
Table 1: Wind induced loads in the vertical direction 
Mean wind loads 1 2ൗ ߩܤ തܸଶܥ௅(0) 
Buffeting wind loads ߩ തܸܤ 2ൗ ൥2ܥ௅ݑ + ߱݀ܥ௅ ݀ߙൗ ൩  
Motion induced loads 
(Damping) 
−1 2ൗ ߩܤ തܸݖሶ ݀ܥ௅ ݀ߙൗ   
Coupling loads ߩ തܸܤ 2ൗ ൥−2ܥ௅(0)ݔሶ + ߠ തܸ ݀ܥ௅ ݀ߙൗ − ݊ܤߠሶ
݀ܥ௅ ݀ߙൗ ൩ 
 
A similar approach can be applied to the along wind and torsional directions. 
Combining the equations of motion with wind induced loads and transferring all the wind 
induced loads but buffeting loads to left hand side of the equations, the bridge deck 
response under a gusty wind can be estimated from: 
ܯ௫ݔሷ + (ܩ௫ + ߩ തܸܤܥ஽)ݔሶ + ܭ௫ݔ + ቂ1 2ൗ ߩ തܸܤ
ௗ஼ವ
ௗఈ ݖሶ − 1 2ൗ ߩ തܸଶܤ
ௗ஼ವ
ௗఈ ߠቃ =
ఘ௏ഥ஻
ଶ [2ܥ஽ݑ +
ௗ஼ವ
ௗఈ ߱]  
 
(8)
ܯ௭ݖሷ + ቀܩ௭ + 1 2ൗ ߩ തܸܤ
ௗ஼ಽ
ௗఈ ቁ ݖሶ + ܭ௭ݖ +
ቂߩ തܸܤܥ௅ݔሶ − 1 2ൗ ߩ തܸଶܤ
ௗ஼ಽ
ௗఈ ߠ − 1 2ൗ ߩ തܸ݊ܤߠሶቃ =
ఘ௏ഥ஻
ଶ [2ܥ௅ݑ +
ௗ஼ಽ
ௗఈ ߱]  
(9)
ܫఏߠሷ + ቀܩఏ + 1 2ൗ ߩܤଷ
ௗ஼ಾ
ௗఈ ݊ തܸቁ ߠሶ + (ܭఏ − 1 2ൗ ߩ തܸଶܤଶ
ௗ஼ಾ
ௗఈ )ߠ + ቂߩ തܸܤଶܥெݔሶ +
1 2ൗ ߩ തܸܤଶ
ௗ஼ಾ
ௗఈ ݖሶቃ =
ఘ௏ഥ஻మ
ଶ [2ܥெݑ +
ௗ஼ಾ
ௗఈ ߱]  
 
(10)
where, ݔ, ݖ and ߠ are the bridge responses in the horizontal, vertical and torsional 
directions, single and double dotted parameters are the first and second derivatives of the 
bridge responses with respect to the time, ܯ௫, ܯ௭ and ܫఏ are the effective inertias of the 
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deck for horizontal, vertical and torsional motions, ܩ௫, ܩ௭ and ܩఏ are the effective 
viscous damping constants in the three directions, and ܭ௫, ܭ௭ and ܭఏ are the effective 
stiffnesses in the three directions. 
From Eqs. (8) to (10) and Table 1, It can be seen that the steady force coefficients 
play an important role on the aerodynamic damping, aerodynamic stiffness and buffeting 
loads (Larose, 2002). Keeping in mind that the aerodynamic stiffness is often negligible 
compared to the structural stiffness and the fact that coupling terms are often small, the 
aerodynamic damping remains as the most important wind induced effect (Larose, 2002). 
For bridges at low wind angles of attack, ܥ஽ is generally a positive value that can lead to 
a positive aerodynamic damping in the horizontal direction (see eq. (8)). However, based 
on the eq. (9), the vertical aerodynamic damping involves the factor  ௗ஼ಽௗఈ  and can reduce 
the total vertical damping when this factor is negative. As a result, there is a potential for 
galloping at a certain wind speed when a section experiences negative ௗ஼ಽௗఈ . Eqs. (8) to 
(10) also show that the fluctuating loads due to the turbulence in the approaching wind 
are also dependent on the steady force coefficients and their derivatives with respect to 
the angle of attack. 
The quasi steady assumption does not consider the effect of the out of phase 
components of aerodynamic forces that can also contribute to the aerodynamic damping 
and stiffness of the bridge. The out of phase components result from the structural motion 
and can be obtained from testing a sectional model in a dynamic test rig with at least two 
degrees of freedom in the heaving and torsional directions.   
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Based on the quasi steady theory, the buffeting loads on a bridge deck can be 
calculated from the spectral approach which is widely used in the bridge aerodynamics 
field. The superiority of this method to time domain approaches is that with using this 
method, memory effects and self-excited forces can be explained reliably in the 
frequency domain. Memory effect is a term used to show that the bridge excitation at 
each time step (ݐ) depends on the interaction of the flow and the cross section at a time 
instant prior to that time step (ݐ − ݖ). The memory effect is described in the frequency 
domain using an aerodynamic admittance function. Self-exited loads in vertical and 
torsional degrees of freedom (DOFs) can be computed from the following equations in 
frequency domain (Scanlan, 1978): 
ܮ௛ = ଵଶ ߩ തܸ ଶܤ ቂܭܪଵ∗(ܭ)
௭ሶ
௏ഥ + ܭܪଶ∗(ܭ)
஻ఏሶ
௏ഥ + ܭଶܪଷ∗(ܭ)ߠ + ܭଶܪସ∗
௭
஻ቃ  
 
(11)
ܯఈ = ଵଶ ߩ തܸଶܤଶ ቂܭܣଵ
∗(ܭ) ௭ሶ௏ഥ + ܭܣଶ
∗ (ܭ) ஻ఏሶ௏ഥ + ܭଶܣଷ
∗(ܭ)ߠ + ܭଶܣସ∗ ௭஻ቃ  (12)
where, ܭ is the reduced frequency (2ߨ݂ܤ/ܷ), ݂ is the frequency of motion (Hz), 
ܪ௜∗ and ܣ௜∗(݅ = 1 to 4) are flutter derivatives. These equations, unlike the quasi steady 
formulations, consider the effect of the out of phase components of aerodynamic forces. 
From the quasi steady assumption, wind-induced loads at each moment can be 
appreciated as loads generated by a steady wind having the same relative wind speed and 
direction as the momentary wind. The buffeting loads can be calculated from the 
following equations, as previously shown in Table 1: 
ܨ௅,௕ = 1 2ൗ ߩ തܸܤ(2ܥ௅ݑ + ݀ܥ௅ ݀ߙൗ ߱)  (13)
ܯ௕ = 1 2ൗ ߩ തܸܤଶ(2ܥெݑ + ݀ܥெ ݀ߙൗ ߱) (14)
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where ܨ௅,௕, and ܯ௕ are the buffeting loads in the vertical and torsional directions 
per unit length of the span. In the spectral approach, it is assumed that buffeting loading 
is a stationary random process. As a result, eq. (13) can be transformed into eq. (14) in 
the frequency domain: 
ܵ௅(݂) = ൫1 2ൗ ߩ തܸܤ൯
ଶ ൭4ܥ௅ଶܵ௨(݂)|ܣ(݂)|ଶ + (݀ܥ௅ ݀ߙൗ )ଶܵఠ(݂)|ܣ(݂)|ଶ൱  
(15)
Where |ܣ(݂)|ଶ is the aerodynamic admittance function, and ܵ௅, ܵ௨ and ܵఠ are the 
power spectral densities of the lift per unit length, the wind fluctuations in the along-wind 
direction and wind fluctuations in the vertical direction, respectively. The application of 
the aerodynamic admittance function was suggested by Davenport (1962) to resolve 
some of the quasi-steady assumption limitations by including the effect lack of spatial 
correlation in the higher frequency turbulence fluctuations. Larose et al (1998) showed 
the difference between the aerodynamic admittance function obtained for a single box 
girder bridge from direct measurement and a thin airfoil from empirical equations using 
Sears function. It was shown that the admittance function calculated from the Sears 
function was larger than the measured admittance, particularly at lower frequencies. The 
aerodynamic admittance function for the vertical direction can be calculated from the 
direct measurement using the following equation: 
|ܣ(݂)|ଶ = ௏ഥ
మௌ಴ಽ(௙)
ସ஼ಽమௌೠ(௙)ା(ௗ஼ಽ ௗఈൗ )మௌഘ(௙)
  (16)
Eq. (15) gives the spectrum of the lift per unit length of the deck. In order to 
consider the span-wise distribution of the unsteady wind forces acting on the deck, the 
joint acceptance function is defined to transform point-like load to load on the entire 
span: 
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There are some studies in the literature considering the effect of bridge deck 
shape and detailing on the vortex induced vibration of long span bridges (Larsen et al, 
2008). However, few of them considered these effects in a properly simulated wind flow 
with high Re and flow turbulence parameters. One factor which appears to have 
significant effect on the aerodynamic/aeroelastic response of twin deck bridges is the gap 
width. Also, the literature lacks conclusive statements about the effect of deck features 
such as traffic barriers on the bridge response. The second objective of this research is to 
study the effects of aforementioned properties on the aerodynamic response of twin deck 
bridges.  
The last objective of this dissertation is to provide detailed requirements for 
developing a large scale testing facility to perform dynamic sectional model tests at 
higher ܴ݁ compared to conventional wind tunnel testing. The design approach for an 
experimental setup which is capable of performing free vibration sectional model testing 
in the Wall of Wind (WOW) open jet facility at Florida International University (FIU) is 
thus provided. 
In order to depict the effect of the aforementioned parameters (ܴ݁, turbulence 
characteristics and shape details) on the aerodynamic response of a bridge deck, several 
parameters were investigated. The first parameter to study was the pressure distribution 
around the girders. It is well documented that the pressure distribution can give an insight 
on the flow separation and reattachment zones and therefore can be used to predict the 
source of excitation mechanisms (Kwok et al, 2012; Li and Melbourne, 1995). The 
second type of parameter to study included the static force/moment coefficients and their 
derivatives with respect to angle of attack. As described earlier, these parameters can 
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Static tests were performed on a 1:36 scale sectional model of a twin girder bridge, 
instrumented with pressure taps and load cells, at high wind speeds with ܴ݁ ranging from 
1.3 × 10଺ to 6.1 × 10଺ based on the section horizontal width. The results presented are 
based on the measured data from the described model at the Wall of Wind open jet wind 
tunnel facility at Florida International University. Results are presented in the form of 
pressure distributions, force/moment coefficients and Strouhal numbers for the different 
tested ܴ݁ regimes. Also, the effect of ܴ݁ on the load distribution between the two girders 
is discussed. Finally, the efficiency of vortex mitigation devices is compared for the 
different tested ܴ݁ regimes to evaluate the ܴ݁ sensitivity of such devices.  
The second paper, going to be submitted to the “Journal of Wind Engineering and 
Industrial Aerodynamics, discusses the sensitivity of the aerodynamic behavior of a twin 
deck bridge cross-section to the incoming flow turbulence characteristics. Chord-wise 
pressure measurements were carried out on the motionless 1/36 and 1/72 scaled sectional 
models of the bridge under two flow conditions using the WOW facility at FIU. The 
results are given in terms of pressure distribution, force coefficients, lift spectra (to study 
vortex shedding), and aerodynamic admittance and span-wise correlation of wind-
induced loads (to study buffeting wind loadings). The results given in this section can 
help designers with information on the potential effects of turbulence characteristics on 
instability, vortex shedding and buffeting loads. 
The third paper, going to be submitted to the “Journal of Wind and Structures”, 
investigates the effect of deck details, such as gap width, traffic barriers and bike path on 
the aerodynamic characteristics of a twin deck bridge, particularly on the vortex 
shedding. In order to evaluate the effect of gap width, models with three different gap 
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widths were tested in a static condition. The effect of deck furniture was also studied by 
including the traffic barriers, bike path and appendages in the simulation for the smallest 
gap width. In all the tests, the models were equipped with pressure taps that were 
distributed along the chord length. The wind induced loads were also measured directly 
by load cells. The outcomes of this paper benefit the design in several ways. First of all, it 
clarifies the vortex shedding mechanism for the different gap widths so that the optimum 
gap width can be adopted to reduce the adverse effects of vortex shedding. Also, from 
quasi steady assumption, the effect of gap width on some of the aerodynamic features 
such as galloping can be evaluated. The results regarding modeling the traffic barriers 
and bike path can also shed light on the importance of modeling such devices in the wind 
experiments and to evaluate how this modeling can interfere with the aerodynamic 
response of the model. 
The last chapter is a general guideline and gives general information on the 
system designed and built for the sake of this study so that it can be used later on in 
WOW to study other types of structures and for different applications. The designed test 
rig can be used to study a wide range of aerodynamic effects including vortex induced 
vibration, flutter and buffeting on 2-D models of prismatic structures such as bridges, 
light poles and etc. The novelty of this test setup is that it can be used to study large 
models in high wind speeds so that the testing Reynolds number is closer to the prototype 
range than in most other facilities. Testing at a larger scale is also beneficial to modeling 
more detailing so that the geometry is closer to the prototype. This system enables 
simultaneous vertical and torsional motions of the vibrating model and therefore it can be 
used to evaluate aeroelastic effects on numerous structures.  Vibration frequencies of the 
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CHAPTER II 
REYNOLDS NUMBER EFFECTS ON TWIN BOX GIRDER LONG SPAN BRIDGE 
AERODYNAMICS 
  
(A paper published in the journal of Wind and Structures) 
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1993; Kazutoshi et al, 2007; Larose and D’Auteuil, 2006; Larose et al, 2003; Larsen et al, 
2008; Schewe and Larsen, 1998), show that wind loads and the response of bluff 
structures with sharp edges -- particularly bridges -- can be sensitive to ܴ݁ effects. It was 
also shown that ܴ݁ increase can reduce the imbalances of aerodynamic forces between 
the two girders for twin girder bridges (Lee et al, 2014).  
The aerodynamic performance of any structure immersed in a fluid depends on 
different parameters, such as ܴ݁ and turbulence characteristics, which can affect the flow 
separation and reattachment mechanism, laminar to turbulent boundary layer transition, 
and the behavior of shear layers and separation bubbles. It is known that Reynolds 
number can change the location of the laminar to turbulent transition point which 
subsequently modifies the structure of the wake (Schewe and Larsen, 1998). Schewe 
(2001) tested three different bluff structures to explain the reason behind the ܴ݁ 
sensitivity of the drag coefficient and Strouhal Number (ܵݐ). It was noticed that with the 
ܴ݁ increase, the location of laminar to turbulent transition point moved upstream and 
helped the flow to reattach to the section, leaving a smaller wake. Smaller drag force and 
smaller vortices, being shed at a higher frequency, resulted from the change in the 
location of transition point and a smaller wake region. It was concluded that different 
flow regimes can be distinguished based on the ܴ݁ that could affect the ܵݐ and magnitude 
of steady and unsteady forces (Schewe, 2001). In order to minimize the ܴ݁ effects on the 
aerodynamic behavior of bridges, Lee et al (2014) successfully fixed the location of the 
separation point at the bottom of the deck by attaching a boundary layer trip strip to the 
bottom surface. This is similar to a movable pin that Schewe (2001) added to a circular 
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cylinder section that reduced the ܴ݁ dependency through stabilizing the location of the 
transition point.  
One typical aeroelastic phenomenon which causes concerns in the design of 
modern multiple girder bridges is Vortex Induced Vibration (VIV) (Wu and Kareem, 
2012). VIV occurs when the frequency of the vortices shed from the body approaches the 
modal frequency of the bluff body, creating a resonance type motion in the structure. 
While VIV is mostly a limited amplitude vibration that does not lead to a failure directly, 
it can yield to fatigue damage in bridge members and discomfort for drivers. Larsen et al 
(2008) performed free vibration testing on a model of the Stonecutters bridge, a twin 
girder bridge with mildly curved bottom plates, for a range of ܴ݁ from 0.7×105 to 
3.62×105, based on the individual girder width. While the velocity range and the 
amplitudes of vibration corresponding to the VIV were almost insensitive to the ܴ݁ 
variation for the bare section, the modified section with the guide vanes showed 
significant ܴ݁ sensitivity. In order to mitigate or more desirably to avoid vortex induced 
oscillations in bridges, evaluation of the ܴ݁ effect can be important in so far as it can 
change both the Strouhal number (ܵݐ) and the amplitude of vibrations during the lock-in 
phenomenon (Kazutoshi et al, 2007; Kubo et al, 1999; Larose and D’Auteuil, 2006; 
Larose et al, 2012). The ܴ݁ effect on flutter instability was investigated by K. Matsuda 
(2001) and it turned out that testing at higher ܴ݁ inclined to increase the flutter wind 
speed for the given configurations. 
The prototype ܴ݁ for bridges often ranges between 106 and 107, especially for 
high wind events such as thunderstorms and tropical cyclones. Studies on ܴ݁ effects 
pertaining to twin girder bridges, a type of design that is gaining popularity in recent 
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years, are limited. In view of the potential for ܴ݁ effects on wind loads and wind-induced 
dynamic effects on twin box girder long span bridges, the current research was aimed at 
investigating the aerodynamics of such bridges under a range of ܴ݁ as close as possible 
to its prototype counterpart. The key objective of this research was to investigate the 
effect of ܴ݁ on the aerodynamic characteristics of twin girder bridges, including pressure 
distribution, wind induced forces, Strouhal number, and vortex shedding. In order to 
investigate the effects of ܴ݁ on the bridge response, a 1:36 scale model of a two 
dimensional (2-D) section of a twin girder bridge, based on the section of the “East Span 
of the San Francisco-Oakland Bay Bridge” was constructed and tested using the Wall of 
Wind (WOW) open jet wind tunnel facility at Florida International University (FIU). 
High Reynolds numbers were reached by increasing the testing wind speed up to 48.2 
m/s. Forces and pressures were measured using load cells and pressure taps to capture the 
static and fluctuating forces on the deck due to the approach flow. Vortex shedding 
sensitivity to ܴ݁ was evaluated for both the bare deck configuration and a section 
equipped with vortex generators. The efficacy of the vortex generators on mitigating 
vortex shedding was investigated for different ܴ݁ regimes. The research findings can (1) 
help inform engineers designing double box girder bridges on the potential ܴ݁ effects, 
and (2) provide guidance for laboratory ܴ݁ similitude for twin box girder bridge sections.  
The present study is different from those documented in the literature in the following 
aspects: 
• The cross section studied here was a double girder deck with trapezoidal cross section 
for each girder which has sharper edges and is bluffer compared to the more 
streamlined sections studied before. 
• 
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and the pitching moment (see Fig. 3) simultaneously with the pressure measurements. All 
the data from force scanners were recorded using a CompactRIO data acquisition system 
at 100 Hz sampling rate. Both systems, load cells and pressure scanners, were used to 
facilitate comparison of wind effects. 
2.3.3 Flow characteristics 
The 12-fan WOW open jet facility at FIU was used to generate the wind field for 
the present study. WOW is capable of simulating Atmospheric Boundary Layer (ABL) 
mean wind speed profiles and turbulence characteristics. The nominal cross sectional 
dimensions of the testing section are 4.6 m × 6.1 m. Wind tunnel tests on bridges are 
often performed in flows with minimal turbulence as such flow produces conservative 
results. Gu et al (2001) observed that flutter derivatives of the Jiangyin Bridge and a flat 
plate with aspect ratio of 22.5 were almost insensitive to the approaching flow 
turbulence. High turbulence can increase the diffusion of vortices and as a result reduce 
the vortex shedding strength (Wu and Kareem, 2012). As a result, high turbulence has 
been found to be conducive for disrupting vortex induced vibration in bridges (Wardlaw 
et al, 1983). Thus, for the current study a flow condition with minimum turbulence was 
generated by removing the spires and floor roughness elements that are used in WOW for 
generation of ABL turbulence for testing building models. Figure 4 shows a close-up 
view of the experimental apparatus in its final design, during the execution of the tests for 
the zero angle of attack.  
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calculated for the free flow condition (i.e. ݎ = ܷ௔௩௚	୭୤	୮୰୭ୠୣୱ	ଵ	ୟ୬ୢଶ/ܷ௔௩௚	୭୤	୮୰୭ୠୣୱ	ଷ,ସ,ୟ୬ୢହ). 
The pressure, force and moment coefficients results were adjusted to the bridge height 
wind speed by multiplying each coefficient to ݎ2. 
Data measured from the Cobra probes were collected at 100 Hz using the same 
CompactRIO data acquisition system that was used for force measurements. Tests were 
carried out for a range of wind speeds from 10 to 48.2 m/s, simulating ܴ݁ values (based 
on the model width) between a range of 1.3 × 10଺ to 6.1 × 10଺. The ܴ݁ for the prototype 
bridge can be estimated as 5.9 × 10଻ for wind speeds of 12.5 m/s, corresponding to the 
VIV lock-in wind speed for the first vertical mode of vibration at 0.214 Hz frequency. 
Based on the wind speed and turbulence measurements, the turbulence intensity and 
turbulence integral length scale were estimated as 3.0 percent and 0.2 m at the model 
height, respectively. Figure 6 shows the non-dimensional power spectral density (PSD) of 
the longitudinal component of the turbulent wind speed, measured at the model height. In 
order to get a smooth representation of the spectra, averaging of the spectral analysis of 
11 blocks was performed and presented here (each block was formed of 1024 points). 
Table 1 shows a summary of the tests carried out in this study. 
 
F 
 
 
igure 6: No
Test cas
Bare sect
Section fitte
vortex gene
 
rmalized po
e 
ion -6
d with 
rators -6
Figure 5
wer spectral
wind s
Karman Sp
Tab
Angle of att
°, -3°, 0°, +3
°, -3°, 0°, +3
46
: Cobra Prob
 density (PS
peed at brid
ectrum 
le 1: Test Su
ack W
°, +6° 1027
°, +6° 1027
 
es Position
D) of the lo
ge height 
 Simulated 
mmary 
ind speed (
.0-13.3-20.3
.3-34.6-41.2
.0-13.3-20.3
.3-34.6-41.2
 
 
ngitudinal c
Spectrum 
m/s) Tes
-24-
-48.2 
-24-
-48.2 
 
omponent o
t duration (m
2 
2 
f the 
in) 
2A
b
d
ei
fo
2
fl
2
to
d
pr
d
ߩ
 
 Param.4
At hig
t low	ܴ݁, vi
oth on the m
where
eck width (m
For th
ther by incr
llowing par
.4.1 Pressu
Mean 
ow separatio
012). In this
 highlight t
istributions 
essure coef
where
ata at each t
 is the air de
eters Invest
h Reynolds
scous forces
odel size an
 
, U is mean
)), v is kine
e case of c
easing the si
ameters to t
re coefficie
and fluctuat
n and reatt
 study, mean
he changes 
are reported
ficients (ܥഥܲ 
 
: ܲܽݒ݃ is the
ap, ߪܲ is the
nsity (kg/m3
igated for ࡾ
 number, in
 have an in
d testing wi
 wind speed
matic visco
onstant kin
ze of the mo
he	ܴ݁ was s
nts  
ing pressure
achment in t
 and fluctu
in the struc
 in terms of
and ܥߪܲ, res
ܥഥܲ =
 mean pres
 standard d
), and ܷ	is t
47
ࢋ Effects 
ertia forces 
creased effe
nd speed an
ܴ݁ = ௎஻ఔ
 (m/s), B is 
sity of air (m
ematic visc
del or the w
tudied in the
 distribution
he studies o
ating pressu
ture of the 
 non-dimen
pectively) o
ܲܽݒ݃
1 2ൗ ߩܷ2
 , ܥߪܲ
sure (N/m2)
eviation of p
he mean wi
 
dominate o
ct on the aer
d is express
  
the referenc
2/s).  
osity, highe
ind speed o
 current wo
s can be us
f bluff body
re distributi
flow due t
sional mean
btained as: 
= ߪܲ1 2ൗ ߩܷ2 
 obtained fr
ressure tim
nd speed (m
ver the flui
odynamics.
ed as: 
e dimension
r ܴ݁ can b
r both. The 
rk. 
ed to identi
 aerodynam
ons were co
o the ܴ݁ va
 and rms (ro
om the pres
e history at 
/s) at the mo
d viscous fo
 ܴ݁ is depen
 (in this cas
e achieved 
sensitivity o
fy the  regio
ics (Kwok 
nsidered in 
riation. Pre
ot mean sq
sure time hi
each tap (N
del height.
rces. 
dent 
(1)
e the 
only 
f the 
ns of 
et al, 
order 
ssure 
uare) 
(2)
story 
/m2), 
48 
 
2.4.2 Aerodynamic forces 
Aerodynamic forces acting on the bridge deck can be expressed in terms of the 
two force components of Drag (ܨܦ) and Lift (ܨܮ) and the pitching Moment (ܯ). As 
shown in Fig. 2, Drag is defined as the force component acting parallel to the wind 
direction, Lift is the force component perpendicular to the wind direction and pitching 
Moment is defined as the effective moment about the deck geometric center. ܥܦ, ܥܮ and 
ܥܯ are the normalized form of the aerodynamic force/moment obtained, using the 
dynamic pressure and model dimensions, as: 
 ܥܦ = ܨܦ1
2ߩܷ2ܮܪ
 , , ܥܮ = ܨܮ1
2ߩܷ2ܮܤ
 , ܥܯ = ܯ1
2ߩܷ2ܮܤ2
 (3)
where, ܨܦ is the mean drag (N), ܨܮ is the mean lift (N), ܯ is the mean pitching 
(N·m), ߩ is the air density (kg/m3), ܷ	is the mean wind speed (m/s), and ܤ, ܪ and ܮ 
represent the deck chord, deck height (i.e. vertical depth) and the length of the model, 
respectively (m). 
2.4.3 Self-excited forces 
Self-exited forces induced by wind for a bridge deck, with vertical and torsional 
degrees of freedom (DOFs), are obtained from the following equations (Scanlan, 1978): 
ܮℎ = 12 ߩܷ2ܤ ቂܭܪ1∗(ܭ)
ℎሶ
ܷ + ܭܪ2∗(ܭ)
ܤߙሶ
ܷ + ܭ2ܪ3∗(ܭ)ߙ + ܭ2ܪ4∗
ℎ
ܤቃ  (4)
ܯߙ = 12ߩܷ2ܤ2 ቂܭܣ1∗(ܭ)
ℎሶ
ܷ + ܭܣ2∗ (ܭ)
ܤߙሶ
ܷ + ܭ2ܣ3∗(ܭ)ߙ + ܭ2ܣ4∗
ℎ
ܤቃ  (5)
where, ܭ is the reduced frequency (2ߨ݂ܤ/ܷ), ݂ is the frequency of motion (Hz), 
ℎ and α are the vertical and torsional displacements, over-dot indicates the derivatives 
with respect to time and ܪ݅∗ and ܣ݅∗(݅ = 1 to 4) are flutter derivatives. 
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Memory effects cause aerodynamic forces to be influenced by structural motions. 
Therefore, since quasi steady theory ignores such effects it is at best an approximation. 
However, it has been shown that for high reduced velocities, quasi steady theory can 
nonetheless predict aerodynamic forces associated with lateral and vertical motions 
reasonably well (Chen and Kareem, 2002). It has been also attempted to define 
derivatives corresponding to the torsional motion (ܣ2∗ and	ܪ2∗) from the quasi steady 
theory (Chen and Kareem, 2002; Larose and Livesey, 1997; Neuhaus and Höffer, 2011). 
All of these studies related the ܣ2∗ parameter to	݀ܥܯ ݀ߙ⁄ . 
However, an additional parameter was introduced in all cases which represented 
the eccentricity between the point of application of the generated aeroelastic force and the 
wind flow’s idealized point of incidence. It was shown that this parameter was not 
constant for different force components and different shapes (Chen and Kareem, 2002; 
Neuhaus and Höffer, 2011) which can cause error in the correct estimation of ܣ2∗ 
and	ܪ2∗using quasi steady methods. In addition, Schewe (2009) stated that the onset wind 
speed of torsional galloping is proportional to the inverse of  ݀ܥܯ ݀ߙ⁄ . 
The quasi-steady formulation for	ܪ1∗is given by (Chowdhury and Sarkar, 2004): 
 ܪ1∗ = − 1ܭ (
݀ܥܮ
݀ߙ + ܥܦ)  (6)
where, ݀ܥܮ ݀ߙ⁄  is the derivative of lift coefficient with respect to the angle of 
attack. 
2.4.4 Vortex shedding 
When wind blows over a bluff structure, flow separates and causes shedding of 
vortices periodically. This periodic vortex shedding exerts cross-wind forces on the body 
by creating fluctuating pressures. Strouhal number is a non-dimensional parameter that 
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appreciable magnitude of the rms of the fluctuating pressure (see Fig. 9(c)). Based on 
Fig. 7(c), for the lower ܴ݁ regime, the flow was ventilated through the gap in between the 
two girders due to the pressure difference between the top and bottom surfaces. Therefore 
the ventilation of flow through the gap created negative pressures on the windward 
inclined surface of the downstream girder. As the ܴ݁ increased, the separated flow at the 
windward tipping edge of the upstream girder tended to reattach to the surface, creating a 
smaller wake in the downstream of the upstream girder and consequently a smaller drag 
on the upstream girder. Negative pressures on the windward inclined surface of the 
downstream girder were reduced with the ܴ݁ increase, as the passing flow from the 
bottom of the upstream girder prevented the ventilation of the flow through the gap. 
From Figs. 7(d) and 7(e), it can be concluded that the deck cross section was more 
sensitive to ܴ݁ variation for the positive angles of attack. Flow over the top surface 
followed a similar trend to the case of zero angle of attack. This means that the flow was 
separated at the windward traffic barrier on the upstream deck and did not reattach to the 
surface while showing minimal sensitivity to	ܴ݁. However, as shown in Fig. 7(d) and 
9(d), flow behavior changed with ܴ݁ significantly on the lower side, particularly for the 
upstream deck. Separated flow at the windward tipping edge of the upstream girder 
reattached to the surface over a longer length but with a sharper slope for the higher	ܴ݁. 
This indicates that ܴ݁ increase created a larger separation bubble on the bottom surface 
accompanied with a narrower wake region in the after body for the upstream girder, 
creating larger negative lift but smaller drag. Figure 8 shows how the mean pressure 
distribution around the section at +3° wind angle of attack has changed gradually with the 
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ratio of the drag taken by each girder to the total drag  was quite similar for the two 
girders which is in agreement with the results on drag presented in Lee et al (2014). Lee 
et al (2014) expressed that the sheltering effect is minimized with the ܴ݁ increase, 
resulting in more uniform load sharing between the two girders.  
Figure 14 shows the ratio of the lift force in each girder to the total lift. Note that 
the total lift, as shown in Fig. 11, was a negative value (downward force) at all different 
wind angles of attack for the entire ܴ݁ range tested. It can be seen that the lift was not 
distributed equally between the two girders, particularly for the zero and positive wind 
angles of attack. It can be noticed that the upstream girder was under a positive (upward) 
lift for the zero and positive wind angles of attack at lower ܴ݁. This happened due to the 
large negative pressures caused by the traffic barrier at the leading edge of the upstream 
girder (see Fig. 7(c)-(d)). However, with the ܴ݁ increase, pressure distribution changed 
around the girders and as a result a downward lift was formed on the upstream girder at 
higher ܴ݁. 
2.5.4 Re effects on vortex shedding 
Figure 15 shows the lift coefficient power spectral density against the reduced 
frequency for the bare deck at the maximum and minimum tested wind speeds and for -
6°, 0° and +6° wind angles of attack. Similar plots were obtained to find ܵݐ for the other 
wind speeds and wind angles of attack but are not shown for brevity. The sensitivity of 
the Strouhal number to the	ܴ݁ for the bare deck pitched to different angles is illustrated in 
Fig. 16. 
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Previous literature suggests that three mechanisms may lead to vortex shedding in 
a twin girder bridge (Kwok et al, 2012; Laima et al, 2013). The first and second 
mechanisms are the flow separation over the trailing edges of the upstream and 
downstream girders, respectively. Third mechanism is the buffeting action of the shed 
vortices from the upstream girder on the downstream girder. Figure 17 shows the 
pressure spectra at the critical locations known as the sources of vortex shedding for the 
bare deck at 0° angle. It is noticed that the first and third mechanisms were more critical 
compared to the flow separation from the trailing edge of the downstream girder. The 
peaks of the pressure spectra were in better agreement with ܵݐ values calculated from the 
lift spectra at higher ܴ݁ (Fig. 17). This means that by increasing the	ܴ݁, better agreement 
was observed between the peaks of the pressure spectra and the ܵݐ values calculated from 
the lift spectra for all possible mechanisms of vortex shedding.  
 
2th
p
up
it
ro
F
 
Figure 17: P
 
.5.5 Effect
As dis
e vortex sh
lates were at
stream side
 to flow into
tating helic
ig. 18. 
 
ressure spe
1.27
 of vortex ge
cussed in S
edding. In o
tached to th
 of the gap 
 the gap an
al vortices. T
ctra at 0° wi
f
×106  6.
nerators  
ection 2.5.5
rder to miti
e bottom fla
to keep the a
d stopped th
he sectiona
6
nd angle of 
rom lift spec
13×106 
, the bare br
gate vortex 
t surface of 
pproaching
e formation
l model fitte
1 
attack (Dash
tra) 
 1.27×106  
idge deck cr
shedding, d
the two dec
 wind attach
 of vortices 
d with the v
ed lines sho
  6.13×106
oss section 
iverging pai
ks. Plates w
ed to the su
by creating 
ortex gener
w the St fou
 
was subject
rs of rectan
ere placed o
rface and gu
a pair of co
ators is show
 
nd 
ed to 
gular 
n the 
ided 
unter 
n in 
ag
b
an
b
m
n
co
U
fr
ro
re
 
 
Figure
ainst the re
are cross sec
gles of win
are section e
itigation de
egative win
efficient sp
nlike the ba
equencies a
tating vorti
gion formed
 
Figu
 19 shows 
duced frequ
tion at the m
d attack. Fr
radicated th
vices were m
d angles of
ectrum at a 
re section, t
nd was weak
ces got mix
 from vortic
re 18: Vort
the compar
ency for th
aximum an
om Fig. 19,
e apparent 
ore effectiv
 attack. Wi
smaller red
his peak in 
er. It is hyp
ed and flow
es that wer
62
ex generator
ison of the
e deck equi
d minimum
 it is eviden
spectral pea
e in the low
th the ܴ݁ i
uced freque
the spectrum
othesized th
 separated f
e shed at a b
 
s at bottom 
 lift coeffic
pped with th
 tested win
t that addin
k in the lift
 ܴ݁ regime
ncrease a n
ncy compar
 was distr
at by increa
rom the sur
road range o
 
surface 
ient power 
e vortex ge
d speeds for
g the vortex
 spectrum. 
, particularly
ew peak fo
ed to the or
ibuted over 
sing the ܴ݁
face. Theref
f frequenci
spectral de
nerators an
 -6°, 0°, and
 generator t
It seems tha
 for the zero
rmed in th
iginal sectio
a wider ran
, the two co
ore, a new 
es.  
nsity 
d the 
 +6° 
o the 
t the 
 and 
e lift 
n	ܵݐ. 
ge of 
unter 
wake 
2br
ae
6
si
p
1
2
3
 
(a) Angle o
1.27×106
 
 Conclu.6
In ord
idge, a sec
rodynamic 
.1×106 base
gnificant an
ercent. The f
. The stud
dependen
positive a
. Flow sep
upwind tr
points we
. At zero a
changed b
f attack= −6
Figu
     6.13
sion 
er to evalu
tional mode
forces were
d on the de
d for the l
ollowing ex
ied bridge 
cy for diffe
ngles of atta
arated from
affic barrier
re almost fix
nd +3° win
y the ܴ݁ inc
 
° (b) 
re 19: Norm
×106, Equipp
ate ܴ݁ effe
l was tested
 measured o
ck width. T
arger wind 
perimental 
section sho
rent angles
ck. 
 the top sur
. For negati
ed and the f
d angles of 
rease. Press
63
Angle of att
alized lift s
ed with vorte
cts on aero
 in a unifo
ver a Reyno
he variatio
speeds it w
observations
wed differ
 of attack, 
face of the
ve angles o
low pattern
attack, the 
ure distribu
 
 
ack= 0° 
pectra, Bare
x generators 
dynamic ch
rm flow. T
lds number
n in the tu
as almost a
 were made
ent behavio
showing hi
 upstream g
f attack the 
 changes du
structure of
tion on the w
(c) Angle
 section 
 1.27×1
aracteristics
he pressure
 (ܴ݁) range
rbulence int
 constant v
: 
r with reg
gher depend
irder at the
separation 
e to the	ܴ݁ w
 flow withi
indward in
 of attack= +
06  6.13
 of a twin-
 distribution
 from 1.3×1
ensities wa
alue around
ards to the
ency on R
 location o
and reattach
ere negligi
n the gap re
clined surfa
 
6° 
×106 
deck 
 and 
06 to 
s not 
 3.0 
 ܴ݁ 
e for 
f the 
ment 
ble. 
gion 
ce of 
45
6
7
2
M
M
w
M
 
the down
changed n
. For zero 
maximum
changed m
. The deriv
attack cha
that testin
. For zero 
the pressu
around th
more unif
. Vortex sh
shedding 
downstrea
of the gird
values.   
 Acknow.7
This r
RI Award 
itigation an
ould like to
arques of W
stream gird
oticeably w
wind angle
 drag coeffi
ore than 70
ative of the 
nged with ܴ
g at lower ܴ
and positive
res around 
e downstrea
ormly betwe
edding of 
from the tr
m deck. Ad
ers was effe
ledgements
esearch wa
CMMI-092
d Product 
 acknowled
all of Win
er and on 
ith ܴ݁. 
 of attack 
cient chang
%, for the c
aerodynami
݁ for the c
݁ regime is 
 wind angle
the upstrea
m girder. T
en the two 
this twin-d
ailing edge 
ding a pair 
ctive in mit
  
s supported
3365] and F
Developmen
ge Maryam
d, FIU for 
64
the leeward
which is th
e was notice
hange in ܴ݁
c force coef
ase of posit
conservativ
s of attack 
m girder m
his means t
girders. 
eck bridge
of the upst
of diverging
igating the v
 by the Na
lorida Cent
t for acqui
 Asghari M
their unrese
 
 tipping e
e most im
d to be arou
 values simu
ficients with
ive angles o
e for aeroela
with increas
oved closer
hat ܴ݁ incr
 was main
ream deck 
 vortex gen
ortex shedd
tional Scien
er of Excel
sition of in
ooneghi, W
rved input 
dge of the 
portant win
nd 8% whi
lated. 
 respect to t
f attack. Th
stic analysi
es in ܴ݁, th
 to the pres
ease helped
ly governed
and its imp
erators to th
ing, particu
ce Foundat
lence in Hu
struments. T
alter Conk
during testi
upstream g
d direction
le lift coeffi
he wind ang
e results su
s of flutter.
e distributi
sure distrib
 in sharing 
 by the v
ingement o
e bottom su
larly at low
ion (NSF) 
rricane Dam
he authors
lin and Roy
ng. The fin
irder 
, the 
cient 
le of 
ggest 
on of 
ution 
loads 
ortex 
n the 
rface 
er ܴ݁ 
[NSF 
age 
 also 
 Liu 
dings 
re
v
In
pr
w
2
A
up
3
B
ap
C
C
D
C
ai
G
d
Ir
sy
In
K
R
br
8
K
an
S
K
on
 
ported in th
iews of spo
ternational 
ovided in th
as simplifie
 Referen.8
sghari Moo
lift of roof 
6. 
arre, C., Ba
plication to
onference o
hen, X., Ka
ecks. Journa
howdhury, 
rfoil and a b
u, M., Zhan
ecks. Engine
win, P., Coo
stems in m
dustrial Aer
. Matsuda, 
eynolds num
idge deck s
9, 619–632. 
azutoshi, M
d Unsteady
uspension B
ubo, Y., No
 Reynolds 
is article are
nsoring ag
in providin
e paper do 
d for the pur
ces 
neghi, M., Ir
pavers. Jour
rnaud, G., 
 shaped str
n Wind Eng
reem, A., 2
l of Engine
A.G., Sarka
ridge deck. 
g, R., Xian
ering Struct
per, K., Gi
easurement
odynamics 
K.R.C., H. 
ber effects
ection mod
., Masafum
 Aerodynam
ridge. IHI E
gami, C., Y
number effe
 those of th
encies. We
g us with 
not extrapo
poses of the
win, P., Ga
nal of Wind
1993. High
uctures mod
ineering, Gu
002. Advan
ering Mecha
r, P.P., 2004
Wind and S
g, H., 2001
ures 23, 160
rard, R., 197
s of fluctua
5, 93–107.
Tanaka, M
 on the stead
el. Journal 
i, T., Tooru
ic Forces 
ngineering R
amaguchi, E
ct of a cab
65
e authors al
 also ackn
information
late directly
 present res
n Chowdhur
 Engineerin
 Reynolds n
el test, 1st 
ernsey UK,
ces in Mode
nics 128, 1
. Identifica
tructures 7, 
. Parametri
7–1613. 
9. Correctio
ting pressu
. Tokushige
y and unste
of Wind En
, I., 2007. R
Acting on t
eview 40, 
., Kato, K.,
le-stayed br
 
one, and do 
owledge th
 on the Ea
 to the East 
earch. 
y, A., 2014
g and Indus
umber sim
IAWE Eur
 pp. 83-93.
ling of Aer
193–1205. 
tion of eigh
187-202. 
c study on 
n of distort
res. Journa
, T. Iwasak
ady aerody
gineering a
eynolds Nu
he Bridge D
12-26. 
 Niihara, Y.
idge girder,
not necessa
e contributi
st Bay Bri
Bay Bridge
. Large-scal
trial Aerody
ulation tech
opean and A
odynamic F
teen flutter 
flutter deriv
ion effects 
l of Wind 
i, 2001. An
namic force
nd Industria
mber Effec
eck Section
, Hayashida
 in: A. Lars
rily represen
on of T.Y
dge. The re
 as the geom
e testing on 
namics 128
niques and 
frican Reg
orces on B
derivatives 
atives of b
caused by tu
Engineering
 investigatio
s on a 1:10 
l Aerodyna
ts on the St
s of Long-
, K., 1999. S
en, G.L. La
t the 
. Lin 
sults 
etry 
wind 
, 22-
their 
ional 
ridge 
of an 
ridge 
bing 
 and 
n of 
scale 
mics 
eady 
Span 
tudy 
rose, 
66 
 
F.M. Livesey (Eds.), Wind Engineering into the 21st Century, Balkema, Rotterdam, pp. 
935–940. 
Kwok, K.C.S., Qin, X.R., Fok, C.H., Hitchcock, P.A., 2012. Wind-induced pressures 
around a sectional twin-deck bridge model: Effects of gap-width on the aerodynamic 
forces and vortex shedding mechanisms. Journal of Wind Engineering and Industrial 
Aerodynamics 110, 50–61. 
Laima, S., Li, H., Chen, W., Li, F., 2013. Investigation and control of vortex-induced 
vibration of twin box girders. Journal of Fluids and Structures 39, 205–221. 
Larose, G.L., D’Auteuil, A., 2006. On the Reynolds number sensitivity of the 
aerodynamics of bluff bodies with sharp edges. Journal of Wind Engineering and 
Industrial Aerodynamics 94, 365–376. 
Larose, G.L., Larsen, S.V., Larsen, A., Hui, M., Jensen, A.G., 2003. Sectional model 
experience at high Reynolds number for the deck of a 1 018 m span cable-stayed br idge, 
11th International Conference on Wind Engineering, Lubbock Texas USA, pp. 373-380. 
Larose, G.L., Livesey, F.M., 1997. Performance of streamlined bridge decks in relation to 
the aerodynamics of a flat plate. Journal of Wind Engineering and Industrial 
Aerodynamics 69–71, 851-860. 
Larose, G.L., Wall, A., McAuliffe, B.R., Kelly, D., Stone, G., Yakymyk, W., 2012. 
Sectional model investigation at high Reynolds number for a super tall building. Journal 
of Wind Engineering and Industrial Aerodynamics 104–106, 49-55. 
Larsen, A., Savage, M., Lafrenière, A., Hui, M.C.H., Larsen, S.V., 2008. Investigation of 
vortex response of a twin box bridge section at high and low Reynolds numbers. Journal 
of Wind Engineering and Industrial Aerodynamics 96, 934–944. 
Lee, S., Kwon, S.-D., Yoon, J., 2014. Reynolds number sensitivity to aerodynamic forces 
of twin box bridge girder. Journal of Wind Engineering and Industrial Aerodynamics 
127, 59–68. 
Neuhaus, C., Höffer, R., 2011. Identification of quasi-stationary aeroelastic force 
coefficients for bridge deck sections using forced vibration wind tunnel testing, in: 
Roeck, G.D., Degrande, G., Lombaert, G., Muller, G. (Eds.), 8th International 
Conference on Structural Dynamics, EURODYN 2011, Leuven, Belgium, pp. 1386-
1392. 
Piña, R.B., Caracoglia, L., 2009. Extraction of Flutter Derivatives from Small-Scale 
Wind Tunnel Experiments, 11th Americas Cnference on Wind Engineering, San Juan, 
Puerto Rico. 
Scanlan, R.H., 1978. The action of flexible bridges under wind, I: Flutter theory Journal 
of Sound and Vibration 60, 187–199. 
67 
 
Schewe, G., 2001. Reynolds number effects in flow around a more-or-less bluff bodies. 
Journal of Wind Engineering an Industrial Aerodynamics 89, 1267–1289. 
Schewe, G., 2009. Reynolds-Number-Effects in Flow around a rectangular Cylinder with 
Aspect Ratio 1:5, 5th European & African Conferences on Wind Engineering (EACWE 
5) Florence, Italy. 
Schewe, G., Larsen, A., 1998. Reynolds number effects in the flow around a bluff bridge 
deck cross section. Journal of Wind Engineering and Industrial Aerodynamics 74-76, 
829-838. 
Wardlaw, R.L., Tanaka, H., Utsunomiya, H., 1983. Wind tunnel experiments on the 
effects of turbulence on the aerodynamic behaviour of bridge road decks. Journal of 
Wind Engineering and Industrial Aerodynamics 14, 247-257. 
Wu, T., Kareem, A., 2012. An overview of vortex-induced vibration (VIV) of bridge 
decks. Frontiers of Structural and Civil Engineering 6, 335-347. 
 
 
 
  
68 
 
 
 
 
 
 
 
 
 
CHAPTER III 
THE EFFECTS OF TURBULENCE ON THE PRESSURE DISTRIBUTION AROUND 
A TWIN BOX GIRDER BRIDGE AND THE RESULTANT AERODYNAMIC 
FORCES 
  
(A paper under review in The Journal of Wind Engineering and Industrial Aerodynamics) 
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induced vibration (VIV) is an aeroelastic response which happens when the vortex 
shedding frequency of flow separating around the structure approaches one of the 
structural oscillation frequencies. VIV can result in self-limited large amplitude motions 
that usually occur over a narrow band of wind speeds which is lower than the design 
wind speed. Buffeting is a random response that concerns the fatigue and performance 
and is defined as the unsteady loading on a structure due to velocity fluctuations in the 
oncoming flow. 
In order to evaluate the bridge response under wind loading, usually wind tunnel 
testing is performed under smooth flow condition in the initial stages of the design. The 
objective of the wind tunnel testing is first to come up with a cross sectional shape which 
is aerodynamically stable and second to predict the buffeting response. With regards to 
stability, it is generally believed that the results from wind tunnel testing in smooth flow 
condition are conservative, as the turbulence in the flow can reduce the span-wise 
correlation of the motion-induced forces. However, the prototype bridge is usually 
exposed to turbulent wind flows with turbulence intensities as great as 20% and integral 
scales as large as ten times their deck width. Turbulence can affect the flow separation 
and reattachment and therefore the surrounding flow state around the section. Based on 
the literature on the effects of turbulence on rectangular cylinders, it was observed that 
turbulence decreases the radius of curvature of separated shear layers and moves 
reattachment upstream (Haan Jr. et al, 1998).  
One issue is that with the limitations in generating large turbulence intensity 
and/or scale in a wind tunnel, only a fraction of the turbulence characteristics can be 
simulated in the experiments. Also, there are cases in the literature that contradict each 
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other regarding the turbulence effects on the bridge model response. It is therefore of 
importance to clarify the mechanism behind the turbulence effect on the bridge response 
under wind loading and to determine the minimum characteristics that need to be 
simulated to ensure the accuracy of the results. Most of the previous studies show that 
turbulence has a stabilizing effect on the aeroelastic response of a bridge deck. However, 
there are some cases saying that turbulence leads to a destabilizing trend on the 
aeroelastic response. A summary of the literature from both cases is given here. 
Matsumoto et al (1993) studied the effect of turbulence on VIV for a hexagonal girder 
and a rectangular cylinder with aspect ratio equal to 4. They observed a different 
behavior between the two cases studied. They noticed a destabilizing trend by turbulence 
for the hexagonal model. However, turbulence was helpful in stabilizing the response for 
the rectangular model. They attributed the observed difference to the geometrical shape 
of each case study and its effect on the flow pattern. 
Scanlan and Lin (1978) performed section model tests on a trussed deck section 
under smooth and grid generated turbulent flows. They observed that the overall response 
was insensitive to the turbulence and the only difference that they observed between the 
two cases was that the flutter derivatives were slightly larger under the turbulent wind. 
Gu et al (2001) also noticed that turbulence had negligible effects on the flutter 
derivatives for the Jiangyin Bridge which can be categorized as a streamlined single box 
bridge deck. Huston (1986) studied the effect of turbulent flow with large scale eddies on 
the aeroelastic response of the Golden Gate Bridge deck. The results showed a 
destabilizing trend for the turbulent flow by resulting in a negative torsional damping at 
lower wind speeds compared to the smooth flow. The aeroelastic behavior of the Great 
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Belt East Bridge deck was evaluated using a taut strip model under smooth and turbulent 
flows by Larose et al (1993). Although the grid generated turbulent flow had similar 
turbulence intensity as the boundary layer flow, different trends were observed in the 
flutter derivatives variation. Results of a paper by Wardlaw et al (1983) also showed 
some contradictions with respect to the turbulence effects on the bridge response. For the 
case of the Lions Gate Bridge deck, instability was observed when the section was tested 
under smooth and grid generated turbulent flows. However, the same cross section only 
showed buffeting response when being tested under a boundary layer turbulent flow with 
no sign of instability. The results for the Annacis Island Bridge and a flat plate section 
indicated that the aeroelastic response under a grid generated turbulent flow and a 
boundary layer turbulent flow were comparable. Wardlaw et al (1983) also showed that 
the amplitudes of vortex induced vibration of the Longs Creek Bridge and Palmerston 
Bridge decreased with the turbulence increase in the approaching flow. 
Secondary to the evaluation of the effects of turbulence on the aeroelastic stability 
of the bridge, it is necessary to investigate turbulence effects on buffeting wind loads. 
Buffeting response is created as the direct impact of the turbulence in the oncoming wind 
flow. Due to the complexities in the prediction of buffeting response using the time 
domain approaches, the spectral approach has been widely used to determine the 
buffeting response of bridge decks in turbulent wind flows. However, the spectral 
approach does depend on the available information on the bridge aerodynamic 
coefficients and aerodynamic admittance. Larose (2002) showed that buffeting loads 
were sensitive to the turbulence characteristics. It was shown that two turbulent flows 
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with similar intensities but different length scales resulted in different aerodynamic 
admittance and span-wise coherence of wind forces. 
In fact, there is a great need to evaluate the effects of turbulence features on 
bridges, particularly twin-deck and multiple-deck bridges which have gained popularity 
recently. The objective of this research was first to evaluate the effect of turbulence 
characteristics, i.e. turbulence intensity and turbulence integral length scale, on the mean 
and fluctuating pressure distribution around a twin-deck bridge deck. The pressure 
distribution provides insight into the local flow distribution around the section and when 
integrated can describe the overall aerodynamic response of the deck regarding vortex 
shedding and instability, through the quasi steady approach. The second objective was to 
study turbulence effects on the buffeting response of a twin-deck bridge and dissociate 
the scale effects from the turbulence intensity effects.  
In order to evaluate turbulence effects on the aerodynamic behavior of modern 
twin-deck long span bridges, 2-D scaled models of a recently built twin-deck bridge were 
modeled and tested at WOW at FIU. Models at two different scales were tested in 
turbulent wind flows to capture the effect of integral length scale on the bridge loading. 
The scale models were mounted in between two streamlined end walls to ensure 2-D 
wind flow along the span length. Through measuring the mean and fluctuating surface 
pressure distributions, the steady and unsteady wind loading of the bridge were captured. 
Results from the tests under flows with different turbulence intensities were compared. 
Changes in the pressure distribution, steady/unsteady force coefficients, fluctuating lift 
coefficient due to vortex shedding induced and aerodynamic admittance were the main 
focus of this experimental study. 
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The bridge models were placed in between two streamlined end walls to ensure 2-
D air flow along the model span. The flow characteristics were measured using five 
three-dimensional Cobra Probes. Each Cobra Probe measured the ݑ, ݒ and ݓ components 
of the wind fluctuations. Figure 2 shows the placement of the Cobra Probes during the 
free wind speed measurements while the bridge model was not in place. For the free wind 
speed measurements, a total of five Cobra Probes were used. Three Cobra Probes were 
installed at the bridge height and were spaced equally from each other and from the end 
walls (see Fig. 2). The two other Cobra Probes were placed at 0.9 m below and above the 
center Probe. These two Cobra probes also remained in place during the actual bridge 
model testing. The ratio between the average of the measured wind speeds at these two 
points during the bridge model testing and free wind speed measurements was used to 
correct the measured wind speed during the free wind speed measurements at bridge 
height for the calculations. Data measured from the Cobra probes were collected at 100 
Hz sampling frequency for a sampling time of 120 s using a CompactRIO data 
acquisition system.  
Spectral analysis was performed on the measured wind speeds. The 12000 data 
points measured at each probe from 2 minutes of testing at 100 Hz was divided into 11 
blocks, each containing 1024 points. The power spectral density (PSD) was calculated for 
each block and the average of the 11 blocks was used as the representative wind 
spectrum. Each of the wind components were fitted to the Karman-type PSD function to 
determine the representative turbulence integral length scale. Table 1 summarizes the 
flow characteristics for the three components. The comparisons of the wind power 
spectral density between the two flow conditions (smooth versus turbulent) for the three 
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(ܮ௨ ܾ⁄ ) for the different test conditions. It can be noticed that (ܮ௨ ܾ⁄ ) was similar for the 
case of the larger model in turbulent flow and the smaller model in smooth flow. 
Therefore, it provided the possibility to investigate the turbulence intensity effect for a 
constant integral length scale to single deck width ratio. 
 
Table 2: Ratio of the integral length scale to single deck width (ܮ௨ ܾ⁄ ) for different test 
conditions 
 1:36 scaled model 1:72 scaled model Smooth flow Turbulent flow Smooth flow Turbulent flow 
(ܮ௨ ܾ⁄ ) 0.26 0.59 0.53 1.18 
 
Both sectional models had a similar span length which was equal to 3.05 m and 
were rigidly mounted in between the two end walls (see Fig. 5). Each model was 
constructed out of a wooden frame which was covered by Plexiglas plates. The models 
were fixed to supports on each side using a system composed of aluminum plates, pipes 
and I-beams. The connection system was devised so that the model section could be 
studied under different wind angles of attack. For the sake of this study, section models 
were tested at five different wind angles of attack, including -6°, -3°, 0°, +3°, and +6°. 
Figure 6 shows how the positive and negative wind angles of attack are defined in this 
paper.  
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1/72 scaled model 1/36 scaled model 
Figure 5: Test setup under smooth flow condition 
 
Surface pressures were measured around chord-wise strips of each model by 
fitting pressure taps around each model as shown in Fig. 6. A Scanivalve Corporation 
pressure scanning system was used to measure pressures at a sampling frequency of 512 
Hz for a period of two minutes for each test case. In order to reduce the pressure tube 
length, pressure scanners were placed at the end of the model on each side and each tap 
was connected to the pressure scanning system in the shortest distance. A transfer 
function designed for the tubing (Irwin et al, 1979) was used to correct for the tubing 
effects. Pressures were measured at a total of 104 points distributed around four strips 
and at a total of 280 points distributed around six strips for the 1/72 and 1/36 scaled 
models, respectively. Figure 7 shows the distribution of the pressure tapped strips along 
the span for each model. 
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al, 2012; Li and Melbourne, 1995), e.g. large negative mean pressures correspond to a 
separation region and maximum fluctuating pressures occur near reattachment zones. 
Figures 8 and 9 show the effect of turbulence intensity and turbulence integral length 
scale on the mean pressure coefficient distribution, respectively. The mean pressures are 
plotted in non-dimensional form by dividing the mean pressure collected at each pressure 
tap by the mean dynamic pressure (1 2⁄ ߩܷଶ, where ߩ and ܷ are the air density and mean 
wind speed, respectively). All the results presented in this section were based on the 
measured pressures at Reynolds number (ܴ݁) close to 1.7 × 10଺, based on the total 
width.  
From Fig. 8, it can be noticed that higher turbulence intensities bring the peak of 
the pressure distribution on the top surface of the upstream deck towards the leading 
edge. This was accompanied by shortening of the reattachment length for the higher 
turbulence intensities.  For the zero and negative wind angles of attack, pressures on the 
bottom surface of the upstream deck and across the downstream deck were not sensitive 
to the turbulence intensity. For the +6° wind angle of attack, larger negative pressures 
were noticed near the transition points on the bottom surfaces in the smooth flow. The 
differences observed between the two flow conditions near the transition points suggest 
that wind induced excitation mechanisms may alter with the turbulence intensity. 
Figure 9 shows the sensitivity to turbulence integral length scale to width ratio 
(ܮ௨ ܾ⁄ ) for the two flow conditions. In both flow conditions, larger negative pressures 
were formed near the transition points for the smaller ܮ௨ ܾ⁄ . This suggests that turbulent 
flows with similar turbulent intensities and smaller integral length scales resulted in the 
formation of larger negative pressures on the bottom surfaces of a twin deck section, 
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as they can provide an insight on how these characteristics can change the global 
behavior of the bridge under wind. 
Wind generated loads was measured at a number of wind speeds to capture the 
simultaneous effects of turbulence characteristics and ܴ݁. Measured pressures across the 
chord-wise length were integrated over their effective length to capture the mean and 
fluctuating forces and moments at each strip location. In order to reduce the randomness 
error, results were averaged over the different strips to obtain the effective forces and 
moment per unit length. Figure 10 shows the variation of the mean drag, lift and moment 
coefficients with ܴ݁ for the different test setups. Forces were expressed in a coordinate 
system fixed to the flow direction, i.e. drag and lift were defined in the along wind and 
perpendicular to wind directions, respectively (see Fig. 6). In order to obtain the mean 
force coefficients, the spatial averaged forces over the different strips were divided by the 
mean dynamic pressure and the model dimension perpendicular to the force component 
direction, which is the model height for the drag force and the model width for the lift 
force. The moment coefficient was also calculated by dividing the measured moment 
about the deck geometric center by the dynamic pressure and the model width squared. 
From Fig. 10, it can be noticed that the mean forces and moment coefficients were 
sensitive to both the turbulence characteristics and ܴ݁, with the highest sensitivity 
attributed to the turbulence intensity. With turbulence intensity increase, drag and 
moment coefficients decreased while the lift coefficient showed an increasing trend in 
magnitude. A larger integral length scale to width ratio resulted in larger drag and lift 
coefficients in the turbulent flow. However, larger integral length scale to width ratio 
resulted in smaller drag and lift coefficients in the smooth flow. Different trends were 
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noticed in the variation of the lift and drag coefficients with the ܴ݁ increase. While 
higher ܴ݁ was accompanied by larger negative lifts in almost all the testing setups, such a 
consistent trend was not observed in the case of drag and moment coefficients. 
(a) Drag coefficient (b) Lift coefficient (c) Moment coefficient 
Figure 10: Force and moment coefficients as a function of Reynolds number at 0° angle 
of attack 
Smooth flow-1/72 scale (ܮ௨ ܾ⁄ =0.53)  Smooth flow-1/36 scale (ܮ௨ ܾ⁄ =0.26) 
Turbulent flow-1/72 scale (ܮ௨ ܾ⁄ =1.18)  Turbulent flow-1/36 scale (ܮ௨ ܾ⁄ =0.59)
 
In order to investigate the bridge response in a turbulent flow using a wind 
simulating facility that cannot reproduce the full turbulence length scale requirements, 
Partial Turbulence Simulation (PTS) was introduced by Irwin (1998). This method is 
based on the assumption that the flow structure around a bluff structure is strongly 
influenced by the small scale eddies and therefore the bridge response under a turbulent 
wind can be predicted relatively accurately by simulating the high frequency component 
of the turbulent flow at the correct energy density relative to the mean flow (Irwin, 2004). 
In cases where the real turbulence features, i.e. turbulence intensity and turbulence 
integral length scale to bridge width ratio, cannot be simulated using a wind generating 
facility, the bridge deck response can be predicted using PTS approach. The PTS 
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approach that requires the similitude of the high frequency part of the wind spectrum can 
be expressed by the following equation: 
(ூೠ)೘
(ூೠ)೛ = ൬
(௅ೠೣ ஽⁄ )೘
(௅ೠೣ ஽⁄ )೛൰
ଵ ଷൗ
  (1)
where ݉ stands for model and ݌ stands for prototype. 
Katsuchi and Yamada (2011) proposed a non-dimensional parameter, called 
reduced turbulence intensity (ܫ௥), based on the PTS approach. The reduced turbulence 
intensity can be obtained from the equation below: 
ܫ௥ = ூೠ
(௅ೠೣ ஽ൗ )
భ
య
  (2)
From eq. (1), it can be seen that predicting the bridge response using the PTS 
approach requires that the reduced turbulence intensity to be equal between the model 
and the prototype. Katsuchi and Yamada (2011) observed that some of the aerodynamic 
features of a bridge deck, such as the maximum mean pressure and force coefficient 
derivatives, show a linear trend with the reduced turbulence intensity variation. In order 
to satisfy the PTS approach requirement which is the similitude of the reduced turbulence 
intensity, either the scaling factor or flow parameters should be chosen such that eq. (1) is 
satisfied. However, due to the limitations in the wind tunnel studies regarding the 
turbulence features and the size of the model (larger model is preferred to increase the 
simulated ܴ݁), it might be possible that eq. (1) cannot get satisfied. It is hypothesized that 
in cases that the reduced turbulence intensity similitude cannot be satisfied, tests can be 
performed at two reduced turbulence conditions available and from a linear regression, 
the intended parameter can be estimated based on the prototype’s reduced turbulence 
intensity. Further investigation is however necessary to evaluate the validity of this 
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hypothetical method to obtain the aerodynamic response of a bridge under a turbulent 
wind flow.  
Figure 11 shows the variation of the force coefficients with respect to the reduced 
turbulence intensity at two different ܴ݁. It can be seen that the force coefficients were 
sensitive to the reduced turbulence intensity and showed almost a linear relationship with 
ܫ௥. The mean drag coefficient showed a decreasing trend while the negative mean lift 
coefficient increased in magnitude with the ܫ௥ increase. The force coefficient variation 
under different turbulent flow conditions was measured to be as large as 34% for the drag 
and more than 100% for the lift coefficient.  
  
(a) Drag coefficient (b) Lift coefficient 
Figure 11: Force coefficients as a function of reduced turbulence intensity for 0° angle of 
attack, ܴ݁ = 1.3 × 10଺ ܴ݁ = 1.7 × 10଺ 
 
Figure 12 shows the derivatives of the force and moment coefficients with respect 
to the angle of attack, as a function of the reduced turbulence intensity for the zero wind 
angle of attack. While ݀ܥ஽ ݀ߙ⁄  showed a decreasing trend with the ܫ௥ increase, ݀ܥ௅ ݀ߙ⁄  
and ݀ܥெ ݀ߙ⁄  were less sensitive to the ܫ௥ variation. It can be seen that the trend of 
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variations was almost similar for the two different ܴ݁ regimes. The importance of the 
݀ܥ஽ ݀ߙ⁄ , ݀ܥ௅ ݀ߙ⁄  and ݀ܥெ ݀ߙ⁄  on the aerodynamic response of the bridge can be 
illustrated from the quasi-steady theory (Irwin, 1977). Based on the quasi-steady theory, 
the derivatives of the force and moment coefficients, when combined with the structural 
properties in the form of the natural modes of vibration, can be used to define the 
buffeting and wind motion-induced loads on the structure. It is understood that the quasi-
steady theory does not incorporate the unsteady aerodynamic coefficients that are 
necessary to define the aerodynamic damping and stiffness of the system. However, it is a 
good tool to investigate the aerodynamic features of the structure using the steady force 
coefficients only, particularly for the vertical and horizontal degrees of freedom. In all 
cases (݀ܥ஽ ݀ߙ⁄ , ݀ܥ௅ ݀ߙ⁄  and ݀ܥெ ݀ߙ⁄ ), larger magnitude is associated with a larger 
buffeting load due to the across wind component of turbulence. Negative ݀ܥ௅ ݀ߙ⁄  can 
lead to a negative aerodynamic damping and can result in galloping instability if the total 
damping goes negative at a certain wind speed.  
  
(a) ݀ܥ஽ ݀ߙ⁄  (b) ݀ܥ௅ ݀ߙ⁄  (c) ݀ܥெ ݀ߙ⁄  
Figure 12: Forces and moment coefficients derivatives with respect to the angle of attack 
for the zero wind angle of attack 
ܴ݁ = 1.3 × 10଺ ܴ݁ = 1.7 × 10଺
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angle of attack. The lift coefficient power spectral density for the different test setups at 
−6° wind angle of attack is shown in Fig. 14.  The peak evident in the fluctuating lift 
spectrum shows that the cross section was susceptible to vortex shedding in all cases. The 
area under the peak was measured to determine the fluctuating lift coefficient due to the 
vortex shedding for each test condition. Table 3 summarizes the standard deviation of the 
fluctuating lift coefficients due to the vortex shedding for the different test conditions at 
−6° wind angle of attack. Based on the results, the vortex shedding induced fluctuating 
lift coefficient was sensitive to both the turbulence intensity and turbulence integral 
length scale. It appears that increasing the turbulence intensity reduced the generated 
fluctuating lift coefficient while a larger fluctuating lift coefficient was noticed for larger 
integral length scale to bridge width ratios. 
 
 
Figure 13: Lift coefficient power spectral density at ܴ݁ = 1.7 × 10଺, 
  Angle of attack=−6°  Angle of attack=0°  Angle of attack=+6°
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(a) Smooth flow-1/72 scale (ܮ௨ ܾ⁄ =0.53) (b) Smooth flow-1/36 scale (ܮ௨ ܾ⁄ =0.26) 
 
  
(c) Turbulent flow-1/72 scale (ܮ௨ ܾ⁄ =1.18) (d) Turbulent flow-1/36 scale (ܮ௨ ܾ⁄ =0.59) 
Figure 14:  Lift coefficient power spectral density at −6° wind angle of attack 
(ܴ݁ = 1.7 × 10଺) 
 
Table 3: Standard deviation of the fluctuating lift coefficient due to the vortex shedding 
 ܮ௨ ܾ⁄ =0.26 ܫ = 3%
ܮ௨ ܾ⁄ =0.53 
ܫ = 3%
ܮ௨ ܾ⁄ =0.59 
ܫ = 6% 
ܮ௨ ܾ⁄ =1.18 
ܫ = 6%
ܥ௅′ 0.033 0.042 0.022 0.033 
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time step (ݐ − ݖ). The memory effect can be described in the frequency domain using an 
aerodynamic admittance function. Self-exited forces are generated due to the structural 
motion in a wind flow and for a bridge deck with vertical and torsional degrees of 
freedom (DOFs), they can be computed from the following equations in frequency 
domain (Scanlan, 1978): 
ܮ௛ = ଵଶ ߩܷଶܤ ቂܭܪଵ∗(ܭ)
௛ሶ
௎ + ܭܪଶ∗(ܭ)
஻ఈሶ
௎ + ܭଶܪଷ∗(ܭ)ߙ + ܭଶܪସ∗
௛
஻ቃ  (3)
ܯఈ = ଵଶ ߩܷଶܤଶ ቂܭܣଵ
∗(ܭ) ௛ሶ௎ + ܭܣଶ
∗ (ܭ) ஻ఈሶ௎ + ܭଶܣଷ
∗(ܭ)ߙ + ܭଶܣସ∗ ௛஻ቃ  (4)
where, ܭ is the reduced frequency (2ߨ݂ܤ/ܷ), ݂ is the frequency of motion (Hz), 
ℎ and α are the vertical and torsional displacements, over-dot indicates the derivatives 
with respect to time and ܪ௜∗ and ܣ௜∗(݅ = 1 to 4) are flutter derivatives. 
Finding the buffeting loading from the spectral approach is based on quasi-steady 
theory. Therefore, wind-induced forces at each moment can be appreciated as forces 
generated by a steady wind having the same relative wind speed and direction as the 
momentary wind. From the quasi-steady theory, the buffeting loads can be calculated as: 
ܨ௅,௕ = 1 2ൗ ߩܷܤ(2ܥ௅ݑ + ݀ܥ௅ ݀ߙൗ ݓ)  (5)
ܯ௕ = 1 2ൗ ߩܷܤଶ(2ܥெݑ + ݀ܥெ ݀ߙൗ ݓ)  (6)
where ܨ௅,௕, and ܯ௕ are the buffeting loads in the vertical and torsional directions, 
ݑ and ݓ are fluctuating wind components in the along wind and perpendicular to mean 
wind directions. In the spectral approach, it is assumed that buffeting loading is a 
stationary random process. As a result, eq. (5) can be transformed into eq. (7) in the 
frequency domain: 
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ܵ௅(݂) = ൫1 2ൗ ߩܷܤ൯
ଶ ൭4ܥ௅ଶܵ௨(݂)|ܣ(݂)|ଶ + (݀ܥ௅ ݀ߙൗ )ଶܵ௪(݂)|ܣ(݂)|ଶ൱  (7)
where |ܣ(݂)|ଶ is the aerodynamic admittance function, ܵ௅, ܵ௨ and ܵ௪ are the 
power spectral densities of the lift per unit length, wind fluctuations in the along-wind 
and wind fluctuations perpendicular to wind, respectively. The application of 
aerodynamic admittance function was suggested by Davenport (1962) to resolve some of 
the quasi-steady assumption limitations by accounting for the lack of turbulence 
correlation spatially at higher frequencies. Larose et al (1998) showed the difference 
between the aerodynamic admittance function obtained for a single box girder bridge 
from direct measurement and a thin airfoil from empirical equations using Sears function. 
It was shown that the admittance function calculated from the Sears function was larger 
than the measured admittance, particularly at lower frequencies. The aerodynamic 
admittance function for the vertical direction can thus be calculated from the direct 
measurement using the following equation: 
|ܣ(݂)|ଶ = ௎
మௌ಴ಽ(௙)
ସ஼ಽమௌೠ(௙)ା(ௗ஼ಽ ௗఈൗ )మௌഘ(௙)
  (8)
Eq. (7) gives the spectrum of the lift per unit length of the deck. In order to 
consider the span-wise distribution of the unsteady wind forces acting on the deck, the 
joint acceptance function is defined to transform point-like load to load on the entire 
span: 
ܵிಽ(݂) = ܵ௅(݂)|ܬ௭(݂)|ଶ (9)
where ܵிಽis the power spectral density of the lift effective on the entire span and 
|ܬ௭(݂)|ଶ is the joint acceptance function. Joint acceptance function measures the 
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correlation between the spatial distributions of the forces across the span length. Based on 
the strip assumption, wind-induced loads on each strip are resulted only from the wind 
fluctuations on that strip. Therefore, it is assumed that spatial distribution of the wind-
induced loads across the span length follows the wind spatial distribution. However, 
Larose et al (1993) showed that wind generated loads were more correlated than the 
approaching wind, between any two assumed points across the span. 
Figure 16 shows the comparison of the cross-sectional admittance for the different 
test setups at different angles of attack to Liepmann’s approximation to the Sears function 
analytically derived for a thin airfoil with a lift slope of 2ߨ (Larose, 2002). The peaks 
observed for test results in this figure were due to the vortex shedding. It can be seen that 
for zero angle of attack, the measured admittances on the models were smaller than the 
predicted value based on the Liepmann’s approximation for a thin airfoil at low reduced 
frequencies. However, at higher reduced frequencies the measured admittances on the 
models were larger than the approximated value for a thin airfoil. The difference in the 
higher frequency range can be attributed to the body induced turbulence for the twin-deck 
bridge section. 
Based on the measured data, for a constant turbulence intensity, the cross-
sectional admittance was larger for the smaller model, corresponding to the larger ܮ௨ ܾ⁄ . 
It means that for the larger ratios of “length scale to bridge with”, larger admittance was 
noticed. It can also be seen that, with changing the turbulence intensity from 3% to 6%, 
the admittance function at lower reduced frequencies grew while at higher reduced 
frequencies, the turbulence intensity increase was accompanied by admittance reduction. 
In the lower reduced frequency range, it was noted that ܮ௨ ܾ⁄  governed the admittance 
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value; for different turbulence intensities but comparable values of ܮ௨ ܾ⁄ , almost similar 
admittance was calculated at lower reduced frequencies. For the lower reduced frequency 
range, the cross-sectional admittance showed an increasing trend with the ܮ௨ ܾ⁄  increase.  
(a) Angle of attack=−6° (b) Angle of attack=0° (c) Angle of attack=+6° 
Figure 16: Lift aerodynamic admittance vs. reduced frequency (݂ܤ ܷൗ ), ܴ݁ = 1.7 × 10଺ 
Smooth flow-1/72 scale (ܮ௨ ܾ⁄ =0.53)  Smooth flow-1/36 scale (ܮ௨ ܾ⁄ =0.26) 
Turbulent flow-1/72 scale (ܮ௨ ܾ⁄ =1.18)  Turbulent flow-1/36 scale (ܮ௨ ܾ⁄ =0.59) 
Liepmann’s approximation to the Sears function 
 
In Fig. 17, the span-wise cross-correlation coefficient was used to assess the span-
wise distribution of the fluctuating wind forces acting on the deck. The span-wise cross-
correlation coefficient is defined as the co-variance of the fluctuating lifts measured at 
two strips separated by δy, divided by the product of the standard deviation of lift at each 
of these two strips. A total of six span-wise separations (δy) were analyzed for the larger 
model (1/36 scaled model), varying from 0.2 to 1.26 m. For the smaller model (1/72 
scaled model), three different span-wise separations were considered, ranging from 0.42 
to 1.04 m. From Fig. 17, it can be seen that for a given wind exposure and a constant 
span-wise separation, a larger correlation coefficient was observed on the larger model 
compared to the smaller model. It was also noticed that for a given model (1/36 or 1/72 
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scaled models), the span-wise correlation coefficient was larger in turbulent flow which 
had larger turbulence integral length scale and intensity. The first observation shows that 
the span-wise correlation of wind forces can be a factor of the model width rather than 
being only dependent to the oncoming flow characteristics. This contradicts the strip 
assumption based in which the span-wise correlation of wind fluctuations is assumed to 
be representative of the span-wise correlation of wind forces. The second observation 
was predictable, as it is expected that larger integral length scale should correspond to a 
larger span-wise correlation. 
(a) Angle of attack=−6° (b) Angle of attack=0° (c) Angle of attack=+6° 
Figure 17: Span-wise cross-correlation coefficient of lift force at ܴ݁ = 1.7 × 10଺ 
Smooth flow-1/72 scale (ܮ௨ ܾ⁄ =0.53)  Smooth flow-1/36 scale (ܮ௨ ܾ⁄ =0.26) 
Turbulent flow-1/72 scale (ܮ௨ ܾ⁄ =1.18)  Turbulent flow-1/36 scale (ܮ௨ ܾ⁄ =0.59)
 
In order to better highlight the effect of ܮ௨ ܾ⁄  ratio on the span-wise distribution 
of the fluctuating wind forces on a deck, the co-coherence of the lift forces from the 
different test setups are compared and shown for a given normalized separation (ߜݕ ܾ⁄ ) in 
Fig. 18. This satisfies the required geometric similarity regarding the separation length to 
ensure that any observed difference in the co-coherence is solely related to the ܮ௨ ܾ⁄  
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effects. Co-coherence between two chord-wise strips can be obtained from the following 
equation: 
ܿ݋ܿ݋ℎ(݂, ߜݕ) = ஼௢భమ(௙)ඥௌಽభ(௙)×ௌಽమ(௙)  (10)
where ܥ݋ଵଶ is the co-spectrum between the fluctuating lifts at strips 1 and 2, and 
ܵ௅ is the power spectral densities of the lift per unit length at each strip. From Fig.18, it 
can be seen that the co-coherence was dependent on the ܮ௨ ܾ⁄ 	ratio, where larger ܮ௨ ܾ⁄  
corresponded to larger co-coherence.  However, it can be seen that the turbulence 
intensity was as important as the turbulence integral length scale. From Fig. 18, it can be 
seen that there was a noticeable difference between the two cases of ܮ௨ ܾ⁄ = 0.53 and 
0.59, while the ratios of the turbulence integral length scale to bridge width was almost 
constant. The observed difference was more pronounced at zero and −6° wind angles of 
attack while relatively similar curves were noticed for the +6° wind angle of attack.  
(a) Angle of attack=−6° (b) Angle of attack=0° (c) Angle of attack=+6° 
Figure 18: Co-coherence of the lift forces for ߜݕ ܾ⁄ =1.1 at ܴ݁ = 1.7 × 10଺ 
Smooth flow-1/72 scale (ܮ௨ ܾ⁄ =0.53)  Smooth flow-1/36 scale (ܮ௨ ܾ⁄ =0.26) 
Turbulent flow-1/72 scale (ܮ௨ ܾ⁄ =1.18)  Turbulent flow-1/36 scale (ܮ௨ ܾ⁄ =0.59)
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upstream girder and the windward side of the downstream girder when the section 
was tilted to +6° wind angle of attack. 
3. Comparing the results from the two different scale models in a given flow condition, 
it was noticed that the mean pressure distribution across the top surfaces was barely 
sensitive to the ratio of turbulence integral length scale to bridge width. However, it 
can be seen that a smaller ratio resulted in larger mean negative pressures near the 
transition points on the bottom surfaces. The observed difference in the mean 
pressure distribution across the bottom surfaces was more pronounce for positive 
angles of attack. 
4. Force and moment coefficients were found to be more sensitive to the turbulence 
intensity compared to the turbulence integral length scale and ܴ݁.  Based on the 
results, with the ܴ݁ increase, the negative mean lift coefficient increased in 
magnitude in both flow conditions. However, with the ܴ݁ increase, the mean drag 
coefficient showed a decreasing trend in smooth flow and an increasing trend in 
turbulent flow. 
5. The steady force coefficients showed a linear relationship with the reduced turbulence 
intensity. Reduced turbulence intensity is a non-dimensional parameter which 
includes the simultaneous effects of turbulence intensity and turbulence integral 
length scale and is defined based on the partial turbulence simulation formulation. 
Based on the results, the mean drag coefficient showed a decreasing trend with the 
reduced turbulence intensity increase while the mean lift coefficient showed an 
increasing trend in magnitude. As a result, it is expected that testing at lower reduced 
turbulence intensity compared to the prototype would be conservative for mean drag 
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coefficient estimation. However, for the mean lift coefficient, testing at lower reduced 
turbulence intensity would result in smaller values than that the prototype would 
experience.  For the given range of reduced turbulence intensities tested here, the 
mean drag changed around 34%. 
6. Based on the results, the sensitivity to Re was higher for the larger reduced turbulence 
intensities. 
7. Analysis of the fluctuating lift coefficient spectra indicated that larger turbulence 
intensity had a mitigating effect on the vortex shedding. Also, larger turbulence 
integral length scale to bridge width ratios resulted in larger fluctuating lift coefficient 
due to vortex shedding. The fluctuating lift coefficient due to vortex shedding 
reduced with the reduced turbulence intensity increase. It was noticed that vortex 
shedding induced ܥ௅ሖ  decreased with the ܴ݁ increase for the entire range of reduced 
turbulence intensities tested here. 
8. The aerodynamic admittances, obtained from the lift and wind components spectra, 
were larger for the larger turbulence integral length scale to bridge width ratios. It 
was also observed that the approximated aerodynamic admittance from empirical 
equations for a thin airfoil body was different from the direct measured value on a 
twin-deck bridge. While the approximated value was larger at lower reduced 
frequencies, the measured aerodynamic admittance showed to be larger than the 
approximated value at larger reduced frequencies.   
9. Based on the strip method, it is expected that the span-wise distribution of the wind 
generated loads would be only a factor of the span-wise distribution of the 
approaching wind speed. However, results showed that the cross correlation of the 
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CHAPTER IV 
EFFECTS OF DECK DETAILS ON THE TWIN DECK BRIDGE AERODYNAMICS 
  
(A paper submitted to the journal of Wind and Structures) 
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lead to the design of two bridges alongside each other, with an opening between the two. 
Similar to multiple deck bridges, placement of a new bride next to an older bridge can 
end up in two or more decks which can interact aerodynamically and get influenced by 
each other while being independent structurally.  
Previous literature suggests that modifying the cross sectional shape, even by 
changing minor details, can change the aerodynamic performance of the section 
considerably (Bruno and Mancini, 2002; Fransos and Bruno, 2010; Jones et al, 1995; 
Kwok et al, 2012; Nagao et al, 1997). One factor which has been shown to have 
significant influence is the gap width. Yung and GE (2008) studied the effect of gap 
width on the flutter stability of the “Xihoumen bridge” with a twin trapezoidal deck cross 
section and explained that the flutter onset wind speed increased with the increase of the 
gap width up to a certain point above which the onset wind speed tended to decrease with 
the additional increase of the gap width. Based on their results, the optimum gap width to 
improve the flutter stability was measured to be equal to 1.2 times the single deck width. 
However, due to cost considerations, the ratio of the gap width to the single deck width is 
normally set to be smaller than 1.0 (Trein et al, 2013). Keeping in mind that flutter 
stability improves with the gap width increase, it is likely that the vortex shedding 
mechanism is also affected by the change of the gap width. 
The effect of railings on the bridge aerodynamics has been evaluated previously 
(Bruno and Mancini, 2002; Jones et al, 1995; Larsen et al, 2008; Nagao et al, 1997). Due 
to the small size of the railings compared to the bridge deck, it was suspected that the 
effect of railings simulation in wind studies could be minimal and limited to local effects 
on the deck. However, it turned out that the presence and even details of the railings had 
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significant effects on the stability against flutter (Jones et al, 1995) as well as vortex 
shedding (Nagao et al, 1997), pressure distribution and integrated forces (Bruno and 
Mancini, 2002) for the single deck bridges. Studying the section without the barriers also 
gives an insight on the bridge aerodynamic behavior during construction. Usually the 
deck is built first and barriers are added afterwards. It is therefore of interest to evaluate 
the effect of deck appurtenances such as traffic barriers and attached bike path on the 
aerodynamic behavior of twin deck bridges to see how these details can change the flow 
pattern around the section and whether they improve or worsen the vortex shedding.  
In fact the available information on how changes in the gap width can alter the 
vortex shedding mechanism on a twin deck bridge is limited. Also, according to the 
author’s knowledge, there are only few studies in the literature evaluating the effect of 
traffic barriers and bike path on the twin deck bridges aerodynamics. This study evaluates 
the effect of deck details, namely the gap width, traffic barriers and bike path on the 
aerodynamic behavior of a twin deck bridge. The outcome of this study can benefit the 
design practice by: (1) providing information on the bridge aerodynamic response for the 
condition that traffic barriers are not in place as observed in the construction stage, (2) 
defining how adding the bike path mitigates or improves vortex shedding and changes 
wind induced loads, and (3) quantifying the gap width effect on the wind induced loads 
and vortex shedding mechanism for a twin deck bridge equipped with traffic barriers so 
that the gap opening can be optimized. 
To this end, the effect of the aforementioned shape details were investigated on 
the wind generated pressure distribution, resulting forces, and force power spectra, the 
last of which can shed light on the vortex shedding mechanism. In order to study the 
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twin deck bridge was evaluated in this study. The cross section of the “San Francisco-
Oakland” twin deck bridge (“East Bay” bridge) was chosen for this study as preliminary 
studies on the bare deck configuration of this bridge showed that this section was 
susceptible to vortex shedding (Kargarmoakhar et al, 2015). The bare section of the “East 
Bay” bridge consists of two trapezoidal girder decks connected by a system of transverse 
cross beams. Each deck has a width to depth ratio of 5. Trapezoidal girder bridges with 
relatively similar aspect ratio have shown to be prone to vortex shedding (Schewe and 
Larsen, 1998).  
East span of the San Francisco-Oakland bay bridge is an asymmetric self-
anchored suspension bridge with a main span of 385 m and a back span of 185m (see Fig. 
1 (a)). The two decks are linked together with 10 m wide transverse beams every 20 m. 
The single deck chord length (ܥ), total width (ܤ), gap width (b) and height (ܪ) of the 
bridge deck are 28 m, 71 m, 14 m and 5.5 m, respectively (see Fig. 1 (b)). The 
counterweight member was included in the original design to counterbalance the bike 
path weight attached to the section (see Fig. 1 (c)). The information on the bridge 
specifications was kindly provided by T.Y. LIN INTERNATIONAL GROUP which was 
involved in all phases of developing this bridge, from design to construction. 
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A Scanivalve Corporation pressure scanning system was used to measure 
pressures at a sampling frequency of 512 Hz for a period of two minutes for each test 
case. In order to reduce the pressure tube length, pressure scanners were placed at the end 
of the model on each side and each tap was connected to the pressure scanning system in 
the shortest distance. A transfer function designed for the tubing (IRWIN ET AL, 1979) 
was used to correct for the tubing effects. In each test, the model was supported by an 
aluminum I-beam on each side that was connected to the model with three aluminum 
pipes. I-beams were placed inside the side walls and were installed on top of a pair of JR3 
multi-axis load cells to directly measure the forces (Drag and Lift) and the pitching 
moment generated by the wind. All the data from force scanners were recorded using a 
CompactRIO data acquisition system at 100 Hz sampling rate. Both systems, load cells 
and pressure scanners, were used to facilitate comparison of the wind effects. 
 
Figure 2: Test setup in front of the Wall of Wind 
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4.3.2.1. Model setup for the gap width study 
In order to study the effects of gap width, 1:72 scaled models with three different 
gap to single deck width ratios (b/C) were tested in the WOW facility. Gap width 
variation represented a common range of gap widths that is normally assumed in the 
design of twin deck bridges, based on the effectiveness and economy. Three gap to single 
deck width ratios of 0.5, 0.75 and 1.0 were considered for this study, as shown in Fig. 3. 
The bike path that exists on the real bridge was not included in these tests as it would 
have added to the complexity of the interpretation of the results with regards to the gap 
width effects. Pressures were measured at a total of 104 to 108 points, depending on the 
gap width, distributed around four strips that were located along the span as shown in 
Fig. 4(a). A sectional view of bridge models and the distribution of pressure taps are 
shown in Fig. 5(a). The length of the model (L) was 3.12 m and the width varied from 
0.97 m to 1.16 m, depending on the gap width. Models with different gap widths were 
tested at five wind angles of attack, including -6°, -3°, 0°, +3°, and +6°. Positive angle 
was defined as the one which moved the bridge leading edge upward (see Fig. 5). 
(a) b/C=0.5 (b) b/C=0.75 (c) b/C=1.0 
Figure 3: Test setup for studying the gap width effects 
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Wind tunnel tests on bridges are often performed in flows with minimal 
turbulence as such flow produces conservative results (Gu et al, 2001; Wu and Kareem, 
2012). For the first part of the study which focused on the effects of the gap width, tests 
were performed in a nominally smooth flow. Turbulence intensity (TI) and turbulence 
integral length scale (ܮ௨௫ ) were measured to be 3% and 0.2 m for the along wind direction, 
and 2.8% and 0.12 m for the across wind direction, respectively for this case. The test 
wind speed for the gap width effect study was set to 27.3 m/s which corresponded to a 
Reynolds number (ܴ݁) of 1.4 × 10ହ based on the section’s depth.  
In order to generate turbulence and boundary layer characteristics, a set of 
triangular spires and floor roughness elements were put in front of the fans exit. Tests for 
the deck appurtenances effects were performed in a wind field with turbulence intensity 
and turbulence integral length scale of 7% and 0.45 m for the along wind direction, and 
6.3% and 0.22 m for the across wind direction, respectively. For the deck appurtenances 
studies, the sectional model was tested under higher wind speeds, varying from 9.8 m/s to 
38.9 m/s representing a range of 1.0 × 10ହ to 4.0 × 10ହ for ܴ݁, based on the section’s 
depth. Figure 7(b) shows the comparison of the wind power spectral density in the along 
wind direction for the two test conditions. The 12000 data points measured at each probe 
from 2 minutes of testing at 100 Hz was divided into 11 blocks, each containing 1024 
points. Power spectral density was calculated for each block and the average of the 11 
blocks was used as the representative wind spectra.  
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and Melbourne, 1995). It is believed that highest suctions occur at the forward part of the 
separation bubble, with a large negative mean pressure being a sign of a separation 
region. Fluctuating pressure shows the effect of turbulence in oncoming wind or body 
induced turbulence and maximum fluctuating pressures correspond to reattachment 
zones. Knowledge of the separation and reattachment zones can be used to understand the 
source and mechanism of the excitation due to the wind flow and therefore can be used to 
generate ideas for the mitigation of wind generated excitations. In this paper, mean and 
fluctuating pressure distributions were considered in order to highlight the changes in the 
structure of the flow due to the modification of the deck details. Pressure distributions are 
reported in terms of non-dimensional mean and RMS (root mean square) pressure 
coefficients (ܥ௉ത and ܥఙು, respectively) obtained as:  
 ܥ௉ത = ௉ೌ ೡ೒ଵ ଶൗ ఘ௎మ , ܥఙು =
ఙು
ଵ ଶൗ ఘ௎మ
 (1)
where: ௔ܲ௩௚ is the mean pressure (N/m2) obtained from the pressure time history 
data at each tap, ߪ௉ is the standard deviation of pressure time history at each tap (N/m2), 
ߩ is air density (kg/m3), and ܷ	is the mean wind speed (m/s) at the model height. In the 
following sections, for the mean pressure distribution figures, negative pressures were 
plotted outside the cross section and positive pressures were plotted inside it.  
4.4.1.1. Effects of gap width 
Figures 8 and 9 show the effect of the gap width on the mean and fluctuating 
pressure distribution for different wind angles of attack. All the mean and fluctuating 
pressure distributions shown for the gap width effects are based on the measured data at 
the strip B location. From the mean pressure distribution figures, it appears that for all the 
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angles of attack, a separation region was formed behind the windward traffic barrier on 
the top surface of the upstream deck. Based on the mean pressure distribution, it seems 
that the reattachment length of the separation bubble, near the leading edge traffic barrier, 
increased with the angle of attack. For the positive wind angles of attack, it appears that 
the separated flow near the leading edge on the top surface did not reattach to the bridge 
surface as the pressures remained relatively large along this surface. 
For the −6° wind angle of attack, it appears that flow separated just downstream 
of the leading edge on the bottom surface due to the observed large negative pressures 
over the windward inclined surface of the upstream deck. By increasing the wind angle of 
attack, positive pressures formed on this surface and increased in magnitude, implying 
that the separation region was moved downstream towards the windward transition point 
(see Fig. 5 (a)) on the bottom surface of the upstream deck.  
On the downstream deck, for the −6° wind angle of attack, the top surface almost 
experienced positive pressures and it appears that the separated flow downstream to the 
leading edge on the bottom surface did not reattach through the entire surface, similar to 
the upstream girder. With the angle of attack increase, negative pressures reduced on the 
windward inclined surface of the downstream girder. By increasing the angle of attack, 
larger portion of the top surface experienced large negative pressures downstream to the 
windward traffic barrier, implying that separation grew in size with the angle increase. 
The large negative pressures observed near the leading edge of the windward corner of 
the downstream girder for the −6°, moved towards the windward transition point on the 
bottom surface with the angle of attack increase corresponding to a move of separation 
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region. As seen in Fig. 8, mean pressure distribution changed considerably with the angle 
of attack variation.  
Forces and moments induced by the wind flow can be obtained by integration of 
the pressures over the cross sectional surface. For the −6° wind angle of attack, the drag 
force was created by the positive pressures on the top surfaces and negative pressures on 
the inclined surfaces. With the angle of attack increase, the positive pressure on the top 
surfaces reduced, till negative pressures were formed on the top surfaces for the positive 
wind angles of attack. Based on the pressure data, it seems that the drag force was 
reduced with the angle of attack increase from negative angles to zero angle, due to the 
reduction of the positive pressure on the top surface. By additional angle of attack 
increase, large negative pressure formed on the top surfaces, which seems to increase the 
drag. The lift force was mainly generated by the effective pressures on the top and bottom 
surfaces. With the angle of attack increase negative pressures on the bottom surface 
reduced and negative pressures formed and increased on the top surfaces, leading to the 
reduction of the expected negative lift in magnitude. Due to the significant modifications 
of the pressure patterns on the upstream girder, negative moments created by the negative 
lift on the upstream girder increased to positive values when the angle of attack 
increased.  
From Figs. 8-9, it is noticed that the pressure distribution on the upstream deck 
was almost insensitive to the gap width. However, the pressure distribution on the 
downstream deck changed noticeably with the change of the gap width, particularly for 
the zero angle of attack.  As the gap width increased, the downstream girder became 
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more exposed to the oncoming flow and the negative mean pressures near the windward 
transition point of the downstream deck increased.  
The comparison of the pressure distribution on the downstream girder between 
the different gap widths, suggested different flow excitation mechanisms for the larger 
gap width (i.e. b/C=1.0) compared to the smaller gap widths (i.e. b/C=0.5 and 0.75). With 
the gap width increase, negative pressures on the windward inclined surface decreased 
and positive pressures formed on this surface due to the direct exposure to the oncoming 
flow. For the largest gap width (i.e. b/C=1.0), large negative pressures were noticed 
downstream of the windward traffic barrier, implying that a separation region was formed 
in this region (see Fig. 8f) and that the downstream girder was immersed in the wake of 
the upstream girder. For the smaller gap widths (i.e. b/C=0.5 and 0.75), the large negative 
pressures observed near the windward leading edge of the inclined surface can be linked 
to flow separation in this region and possible ventilation of the flow from the top surface 
to the bottom surface through the gap.  
Fluctuating pressure distributions on the upstream girder also confirmed the fact 
that flow around the upstream girder was almost independent of the gap width (see Fig. 
9). The observed large fluctuating pressures on the windward side of the downstream 
girder were induced by the turbulent flow which was generated by the vortex shedding 
from the upstream girder. The wake of the upstream deck affected the separated shear 
layer on the downstream deck and increased the turbulence and fluctuations in pressures 
compared to the upstream deck.  
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influenced by the impinging turbulent flow. This means that the downstream deck of the 
bridge model with ܾ ܥ⁄ = 0.75, experienced the largest effect from the turbulence 
generated by the vortex shedding from the upstream deck. For the positive wind angles of 
attack, almost no dependency on the gap width was observed for the fluctuating 
pressures. 
4.4.1.2. Effects of deck appurtenances 
4.4.1.2.1. Effects of traffic barriers 
The effects of the traffic barriers on the mean and fluctuating pressure 
distributions, over the strip D of the 1:36 scaled model, are illustrated in Figs. 10-11. The 
observed differences in pressure distributions between the results from the 1:36 scaled 
model and the 1:72 scaled model with the b/C=0.5 gap width can be attributed to the ܴ݁ 
and turbulence effects which has been discussed in depth in a former study by the authors 
(Kargarmoakhar et al, 2015).  
From Fig. 10, it can be noticed that the presence of the traffic barriers not only 
changed the pressure distribution over the top surfaces, but it also modified the pressure 
distribution over the bottom surfaces. The presence of traffic barriers caused a blockage 
effect with respect to the flow passing over the top surface of the deck. As a result, the 
flow was diverted towards the bottom surface which led to a wind speed increase over the 
bottom surface. From the Bernoulli equation, suctions increased due to the wind speed 
increase and as a result bottom surfaces experienced larger suctions compared with the 
bare section. Based on the mean pressure distributions observed, it is assumed that the 
bridge experienced larger negative lift for the condition equipped with the traffic barriers. 
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coefficient (ܥ௅) and Moment coefficient (ܥெ) are the normalized form of the 
aerodynamic forces and moment obtained using the dynamic pressure and model 
dimensions, as: 
ܥ஽ = ிವభ
మఘ௎మ௅ு
 , ܥ௅ = ிಽభ
మఘ௎మ௅஻
 , ܥெ = ெభ
మఘ௎మ௅஻మ
 (2)
where, ܨ஽ is the mean drag (N), ܨ௅ is the mean lift (N), ܯ is the mean pitching 
moment (N·m), ߩ is the air density (kg/m3), ܷ	is the mean wind speed (m/s), and ܤ, ܪ 
and ܮ represent the deck chord, deck height and the length of the model, respectively (m). 
Mean wind generated loads are important in the design of long span bridges, e.g. smaller 
drag can reduce the construction costs significantly by requiring smaller and lighter 
sections for the cables, towers and the foundation. Fluctuating wind loads are also critical 
in the design since they concern the stability, lifetime serviceability and fatigue. 
The bridge response under a turbulent wind can be estimated by predicting the 
wind-induced loads from quasi steady theory and combining the estimated loads with the 
equations of motion of the deck (Irwin, 1977; Larose, 2002). This method yields a set of 
formulas for the fluctuating wind loads in terms of the steady aerodynamic force 
coefficients and their derivatives with respect to the angle of attack. Equations (3) to (5) 
show the equations of motion for a bridge deck under a gusty wind, based on the quasi 
steady theory (Irwin, 1977): 
ܯ௫ݔሷ + (ܩ௫ + ߩܷܤܥ஽)ݔሶ + ܭ௫ݔ + ቂ1 2ൗ ߩܷܤ
ௗ஼ವ
ௗఈ ݖሶ − 1 2ൗ ߩܷଶܤ
ௗ஼ವ
ௗఈ ߠቃ =
ఘ௎஻
ଶ [2ܥ஽ݑ +
ௗ஼ವ
ௗఈ ݓ]  
(3)
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ܯ௭ݖሷ + ቀܩ௭ + 1 2ൗ ߩܷܤ
ௗ஼ಽ
ௗఈ ቁ ݖሶ + ܭ௭ݖ +
ቂߩܷܤܥ௅ݔሶ − 1 2ൗ ߩܷଶܤ
ௗ஼ಽ
ௗఈ ߠ − 1 2ൗ ߩܷ݊ܤߠሶቃ =
ఘ௎஻
ଶ [2ܥ௅ݑ +
ௗ஼ಽ
ௗఈ ݓ]  
 
(4)
ܫఏߠሷ + ቀܩఏ + 1 2ൗ ߩܤଷ
ௗ஼ಾ
ௗఈ ܷ݊ቁߠሶ + (ܭఏ − 1 2ൗ ߩܷଶܤଶ
ௗ஼ಾ
ௗఈ )ߠ + ቂߩܷܤଶܥெݔሶ +
1 2ൗ ߩܷܤଶ
ௗ஼ಾ
ௗఈ ݖሶቃ =
ఘ௎஻మ
ଶ [2ܥெݑ +
ௗ஼ಾ
ௗఈ ݓ]  
(5)
where, ݔ, ݖ and ߠ are the bridge responses in the horizontal, vertical and torsional 
directions, single and double dotted parameters are the derivatives of the bridge responses 
with respect to the time, ܯ௫, ܯ௭ and ܫఏ are the effective inertias of the deck in horizontal, 
vertical and torsional motions, ܩ௫, ܩ௭ and ܩఏ are the effective viscous damping in the 
three directions, ܭ௫, ܭ௭ and ܭఏ are the effective stiffness in the three directions. 
Based on the quasi steady theory, the steady force coefficients can be important 
on the aerodynamic damping, aerodynamic stiffness and buffeting forces (Larose, 2002). 
Keeping in mind that the aerodynamic stiffness is often negligible compared to the 
structural stiffness and the fact that coupling terms are often small, the aerodynamic 
damping remains as the most important wind induced effect (Larose, 2002). For bridges 
at low wind angles of attack, ܥ஽ is often a positive value that will lead to a positive 
aerodynamic damping in the horizontal direction (see Eq. (3)). However, based on the 
Eq. (4), the vertical aerodynamic damping is a factor of ݀ܥ௅ ݀ߙ⁄  which can reduce the 
total vertical damping when it is negative. As a result, there is a potential for galloping at 
a certain wind speed when the section experiences negative ݀ܥ௅ ݀ߙ⁄ . Eqs. (3)-(5) show 
that the fluctuating loads due to the turbulence in the approaching wind (buffeting loads) 
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are also dependent to the steady force coefficients and their derivatives with respect to the 
angle of attack. 
The quasi steady assumption does not consider the effect of the out of phase 
components of the aerodynamic forces that can also contribute to the aerodynamic 
damping and stiffness of the bridge. The out of phase components result from the 
structural motion and can be obtained from testing a sectional model in a dynamic test rig 
with at least two degrees of freedom in the heaving and torsional directions.  
The quasi steady theory equations are presented in this section to show the 
importance of the steady forces and moment coefficients and their derivatives with 
respect to the angle of attack on the aerodynamic response of a bridge deck. In the 
following parts, the effects of deck details are evaluated on the steady forces and moment 
coefficients to highlight how changing the geometry details can change the aerodynamic 
response of the studied cross section. 
4.4.2.1. Effects of gap width 
Forces and moments were obtained both by direct measurement from the load 
cells and by the integration of the surface pressures. In order to reduce the randomness 
error in the estimation of force and moment coefficients from the pressure measurement, 
the average of the measured pressures over the four strips was reported (Fig. 4 shows the 
distribution of the pressure tapped strips). It was assumed that the average of the 
measured forces and moment over the strips A, B and D were effective for 2/3 of the 
model length and measured forces and moment over the strip C were effective for 1/3 of 
the model length. 
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Figure 13 shows the force and moment coefficients for the model with the largest 
gap width (b/C=1.0) at different wind angles of attack. It can be observed that the lift 
coefficient obtained from the pressure integration matched very well with the results from 
the direct force measurement by the load cells. The discrepancy observed in the drag 
coefficient between the two methods of measurement can be attributed to the fact that the 
traffic barriers were not equipped with the pressure taps. For the positive wind angles of 
attack, traffic barriers were sheltered by the deck and the results from the pressure 
measurement and the load cells matched each other well. However, for the negative and 
zero wind angles of attack the results from the two measurement methods did not agree, 
showing the direct contribution of the traffic barriers on the drag. For the non-positive 
wind angles of attack, moment coefficient resulted by the pressure measurement was 
slightly different from the measured moment coefficient by the load cells. This can be 
explained similar to what was mentioned for the drag coefficient, as for both cases the 
difference was due to the fact that the barriers were not equipped to pressure taps. 
 
(a) Drag coefficient (b) Lift coefficient (c) Moment coefficient 
Figure 13: Force and moment coefficients for the model with the largest gap width 
(b/C=1.00), ܴ݁ = 1.4 × 10ହ, Load cells,  Pressure measurement 
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Figure 14 shows the effect of gap width on the force and moment coefficients 
measured with the load cells. For the zero wind angle of attack which is the most 
important wind flow direction, the drag coefficient was almost insensitive to the gap 
width increase. As shown in Fig. 8(f), by increasing the gap width from b/C=0.75 to 1.0, 
the pressure distribution was modified around the windward side of the downstream 
girder. However, the overall drag remained constant and as a result the drag coefficient 
did not change with the gap width increase. For the positive wind angles of attack, 
increasing the gap width led to a slight increase in the drag coefficient while for negative 
wind angles of attack no clear trend was observed. The results for the positive wind 
angles of attack confirms the results from Kwok et al (2012) in which it was observed 
that drag coefficient increased with the gap width increase. As mentioned previously, 
larger drag corresponds to higher construction costs by requiring larger sections for 
cables, towers and the foundation. 
(a) Drag coefficient (b) Lift coefficient (c) Moment coefficient 
Figure 14: The effect of gap width on the force and moment coefficients 
ܴ݁ = 1.4 × 10ହ,  b/C=0.5 ,  b/C=0.75 ,  b/C=1.00 
Figure 14b shows that the lift coefficient remained relatively constant with the 
gap width increase from ܾ ܥ⁄ = 0.5 to ܾ ܥ⁄ = 0.75 and decreased in magnitude with the 
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additional gap width increase to ܾ ܥ⁄ = 1.0, for almost all the different wind angles of 
attack tested. It was also observed that the trend of the lift coefficient variation with 
respect to the angle of attack did not change for the different gap widths, which is in 
contrast to the observations of Kwok et al (2012). Kwok et al (2012) noted that the slope 
of the lift coefficient variation with respect to the angle of attack had a decreasing trend 
with the gap width increase. Smaller lift coefficient slope corresponds to smaller 
aerodynamic damping in the vertical degree of freedom, as mentioned earlier. 
Figure 15 shows the lift coefficient calculated by normalizing the lift force with 
the single chord length (C) instead of the variable total width (B), shown by ܥ௅,஼. It was 
observed that increasing the gap width from ܾ ܥ⁄ = 0.5 to ܾ ܥ⁄ = 0.75 resulted in larger 
lift coefficients (ܥ௅,஼) while additional increase to ܾ ܥ⁄ = 1.0 reversed this trend and 
created smaller lift coefficients. Figure 14(c) shows that the moment coefficient 
decreased with the gap width increase for all the different wind angles of attack.  
 
Figure 15: Lift coefficient by load cells normalized to C (ܥ௅,஼) 
ܴ݁ = 1.4 × 10ହ,  b/C=0.5,  b/C=0.75 ,  b/C=1.00  
The effect of the gap width on the derivative of the force and moment coefficients 
with respect to the angle of attack (force and moment coefficients slopes) for the zero 
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wind angle of attack is shown in Fig. 16. It can be observed that ݀ܥ஽ ݀ߙ⁄  was close to 
zero for the largest (b/C=1.0) and the smallest (b/C=0.5) gap widths. However, for the 
model with the b/C=0.75 gap width, negative ݀ܥ஽ ݀ߙ⁄  was noticed. The value of the 
݀ܥ஽ ݀ߙ⁄  is important on the aerodynamic coupling and buffeting forces for the horizontal 
direction as shown in Eq. (3). Negative ݀ܥ஽ ݀ߙ⁄  corresponds to the reduction of buffeting 
forces in the along wind direction. According to the Fig. 16, with the gap width increase 
݀ܥ௅ ݀ߙ⁄  was decreased slightly with no change in sign. ݀ܥ௅ ݀ߙ⁄  plays an important role 
in the aerodynamic damping and buffeting forces in the vertical direction. Positive 
݀ܥ௅ ݀ߙ⁄  attributes to positive aerodynamic damping and at the same time larger buffeting 
forces. The moment coefficient derivative with respect to the angle of attack changed 
negligibly with the gap width variation. ݀ܥெ ݀ߙ⁄  has contribution to the aerodynamic 
coupling, aerodynamic damping, aerodynamic stiffness and also buffeting forces in the 
torsional direction.  
 
Figure 16: Derivative of force and moment coefficients with respect to the angle of attack for the 
zero wind angle of attack 
ܴ݁ = 1.4 × 10ହ,  ݀ܥ஽ ݀ߙ⁄  ,  ݀ܥ௅ ݀ߙ⁄ ,  ݀ܥெ ݀ߙ⁄  
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4.4.2.2. Effects of deck appurtenances 
4.4.2.2.1. Effects of traffic barriers 
Figure 17 shows the force and moment coefficients measured by the load cells 
and the pressure taps for the bare deck section and the section equipped with the traffic 
barriers, using the 1:36 scaled model. The aerodynamic coefficients calculated from the 
pressure measurement were averaged over the 6 pressure tapped strips, similar to the 
method applied in the previous section to study the effect of gap width. For the bare deck 
section, the forces and moment coefficients obtained from the pressure measurement 
were consistent with the forces and moment coefficients measured with the load cells 
within a reasonable range. It can be seen that adding the traffic barriers to the bare deck 
cross section resulted in a higher drag coefficient for all the different angles of attack, 
particularly for the negative wind angles of attack in which the traffic barriers were not 
sheltered by the deck. To obtain the direct contribution of the traffic barriers on the drag 
coefficient for the equipped deck, the results from the pressure measurement were 
compared to the load cells data. It can be inferred that the drag coefficient variations were 
mostly due to the direct effect of the wind loading on the traffic barriers.  
The comparison of the lift coefficient for the bare deck with the equipped deck 
shows that adding the traffic barriers resulted in larger negative lift coefficients. This can 
be explained by the blockage effect of the traffic barriers on the top surface. As a result, 
the flow was deviated towards the bottom surface and the wind speed increased over the 
bottom surface, creating larger suctions on the bottom surface. The presence of the traffic 
berries also modified the pressure distribution over the top surface by reducing the peak 
negative pressure and increasing the reattachment length. The flow modification over the 
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top and bottom surfaces due to the addition of traffic barriers generated larger negative 
lift coefficient. The moment coefficient showed less sensitivity to the presence of traffic 
barriers compared to the forces coefficients and was mainly a function of wind angle of 
attack. Similar to the lift coefficient, the moment coefficient showed a positive slope as a 
function of wind angle of attack.  
Table 1 shows the effect of the traffic barriers on the derivative of the force and 
moment coefficients with respect to the angle of attack (force and moment coefficients 
slopes), for zero angle of attack. It can be noticed that the derivative of drag coefficient 
had higher sensitivity to the inclusion of traffic barriers. The derivative of moment 
coefficient had a similar pattern to the derivative of the lift coefficient. For both lift and 
moment, the derivative had a positive value that slightly increased with the addition of 
the traffic barriers. 
(a) Drag coefficient  (b) Lift coefficient (c) Moment coefficient 
Figure 17:The effect of traffic barriers on the force and moment coefficients 
ܴ݁ = 4.0 × 10ହ 
Bare deck:  by load cell,  by pressure measurement 
Bare deck + Traffic barriers:  by load cell,  by pressure measurement
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Table 1: Derivative of force and moment coefficients with respect to the angle of attack 
for the zero wind angle of attack, ܴ݁ = 4.0 × 10ହ 
 ݀ܥ஽ ݀ߙ⁄  ݀ܥ௅ ݀ߙ⁄  ݀ܥெ ݀ߙ⁄  
Bare deck -0.46 2.05 0.41 
Bare deck + traffic barriers -2.73 2.68 0.44 
 
4.4.2.2.2. Effects of bike path on the windward side and counterweight member on 
the leeward side 
Table 2 shows the effect of bike path and counterweight member on the force and 
moment coefficients for the section at zero wind angle of attack and ܴ݁ = 2.6 × 10ହ. In 
order to derive the lift and moment coefficients, the total width of the section equipped 
with the bike path and counterweight member was considered to be equal to 2.18 m 
which was 12% wider than the bare section with 1.94 m width. It can be noticed that only 
the drag coefficient changed with the inclusion of the bike path leading to a 5% 
reduction. The reduction in the drag coefficient can be attributed to the more streamlined 
cross section of the deck equipped with the bike path. Lift and moment coefficients were 
almost insensitive to the inclusion of the bike path and counterweight member when 
considering the increased width for non-dimensionalization.   
Table 2: Force and moment coefficients for the zero wind angle of attack from load 
cells,	ܴ݁ = 2.6 × 10ହ 
 ܥ஽ ܥ௅ ܥெ
Bare deck 0.61 -0.16 0.04 
Bare deck + bike path + counterweight member 0.58 -0.16 0.04 
 
4.4.3 Vortex shedding 
Flow passing across a sharp edged bluff section usually separates at the edge 
points, leading to the formation of vortices around the section. Vortices shedding from 
the bridge section contribute to the formation of fluctuating pressures around the section. 
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As a result, the section experiences cross wind forces that fluctuate periodically. When 
the frequency of the vortex shedding approaches one of the structural oscillation 
frequencies, a resonant type response called vortex induced vibration (VIV) happens. 
VIV creates large amplitude but self-limiting motions. Strouhal number ܵݐ is a non-
dimensional parameter that defines the dominant frequency of the fluctuations in the 
cross-wind force and is expressed by the following equation: 
 ܵݐ = ௙ு௎   (6)
where, f is the frequency of vortex shedding (Hz). ܵݐ is a function of structure’s 
geometry, turbulence intensity and ܴ݁. In this study, the vortex shedding frequency was 
obtained from the power spectral density of the fluctuating lift force on the section. The 
frequency corresponding to the peak evident in the fluctuating lift spectrum shows the 
frequency of the vortex shedding (Kwok et al, 2012; Schewe and Larsen, 1998). Three 
mechanisms have been distinguished for the vortex shedding from a twin girder bridge 
(Kwok et al, 2012). The first and second mechanisms have been attributed to the vortex 
shedding from the trailing edge of the upstream and downstream decks. The third 
mechanism has been attributed to the impingement of the vortices in the wake of the 
upstream deck onto the windward side of the downstream deck. The results presented in 
the following sections are based on the measured pressure data over the strip B location 
for the effect of gap width and the measured pressure data over the strip D for the effect 
of deck appurtenances. 
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and +3°. However, the pressure distribution around the upstream deck was almost 
insensitive to the gap width change. 
2. From the mean pressure distribution around the model with the smallest gap width at 
zero wind angle of attack condition, it can be hypothesized that the wind flow was 
ventilated through the gap. This created negative pressures near the leading edge of 
the downstream deck. With the increase of the gap ratio from 0.75 to 1.0, positive 
pressures formed on the windward inclined surface of the downstream girder similar 
to the pressure distribution on the windward side of the upstream girder. It is 
hypothesized that for the largest gap ratio, the downstream girder was more exposed 
to the oncoming flow and was less sheltered by the upstream girder. 
3. The force and moment coefficients showed sensitivity to the gap width increase by 
showing a slight increase in the drag and a decrease in the lift. The pattern of the 
variation of each of the force and moment coefficients with respect to the angle of 
attack was almost similar for all the different gap width conditions studied. The 
maximum changes observed in the mean drag coefficient between the different gap 
widths was equal to 28%, 24%, 3%, 7% and 8% for the −6°, −3°, 0°, +3° and +6° 
wind angles of attack, respectively. The ݀ܥ௅ ݀ߙ⁄  decreased around 25% when the gap 
to single deck width ratio increased from 0.75 to 1.0 for the zero wind angle of attack 
condition.  ݀ܥ௅ ݀ߙ⁄  is important for determination of vertical buffeting loads.  
4. Spectral peaks were noticed in the lift coefficient spectra of the studied cases, 
signifying the presence of vortex shedding. For zero and +3° wind angles of attack, 
an increasing trend was observed for the Strouhal number with the gap width 
increase. Strouhal number increased by about 80% with the gap width increase for 
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zero and +3° angles of attack, meaning that VIV can happen for the largest gap width 
at wind speeds 45% smaller than the corresponding wind speeds for the smallest gap 
width.  
5. Vortex shedding was more pronounced around the downstream deck and at larger 
frequencies compared to the upstream deck. 
Results from studying the effect of deck appurtenances can be summarized as 
follows: 
1. The mean pressure distribution was significantly influenced by the inclusion of the 
traffic barriers. The traffic barriers changed not only the local pressures on the top 
surface, but also they increased the negative pressures over the bottom surface, due to 
the blockage effect on the top surface.   
2. The pressure modifications due to the traffic barriers and the direct effect of the wind 
on the barriers resulted in the formation of a larger lift and drag. With the inclusion of 
the traffic barriers, the drag coefficient increased around 64%, 52% and 30% for the 
−3°, 0°and +3° wind angles of attack, respectively. Also, due to the inclusion of the 
traffic barriers, the lift coefficient increased around 63%, 75% and 110% for the −3°, 
0°and +3° wind angles of attack, respectively. While these percent changes in lift 
seem large it should be noted that the overall magnitude of ܥ௅ at zero angle of attack 
is small.  Therefore the changes are probably not significant from a practical point of 
view. Regarding the derivative of the aerodynamic coefficients with respect to the 
angle of attack, only the derivative of the drag coefficient showed sensitivity to the 
inclusion of the traffic barriers. 
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CHAPTER V 
DEVELOPING AN ELASTIC SUSPENSION TEST RIG FOR SECTIONAL MODEL 
TESTING AT HIGH RE 
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In spite of the fact that analytical and numerical simulations have advanced a lot 
during recent years, they are still incapable of predicting the accurate response of large 
bluff structures (such as bridges) under turbulent wind loadings without some sort of 
inputs from experiments. Therefore, the experimental setup remains as a highly 
advantageous tool to study the complex effects of wind flow on a structure in motion. 
Sectional model testing is the most common type of wind tunnel testing that is widely 
used due to its simplicity and proven ability to predict the wind effects on structures 
Scanlan and Tomko (1971) were the first to introduce the concept of aerodynamic 
derivatives to study the instability of bridges and they used sectional model testing to 
collect these derivatives. In a section model testing, a geometrically scaled model of the 
structure is tested in a wind flow simulating the scaled atmospheric flow conditions. A 
section model is a two dimensional (2-D) section of the body that is built to a scale to 
replicate a representative span-wise section of the prototype. The sectional model should 
be rigid so that the model mode shape remains uniform over its entire length. Sectional 
model testing can be used both to study the aerodynamic and aeroelastic response of the 
structure by preventing and allowing the model vibration accordingly. In order to 
accommodate the model motion for studying the aeroelastic effects, the model is often 
supported by springs at the ends allowing rigid motions along vertical, torsional and 
lateral directions.  
The sectional model testing is particularly a useful tool to study the aerodynamic 
stability of the cross section shape in the initial design phase of the prototype. After 
ensuring the stability of the proposed cross sectional shape, the application of the 
sectional model testing can be further expanded to evaluate the static and dynamic forces 
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expected on the prototype deck. Sectional model testing often preferred to the other types 
of the wind tunnel testing, i.e. the taut strip model testing and full aeroelastic model 
testing, as it requires less complex models and is less expensive and faster compared to 
the other methods. It can also be used to study the wind effects on a wide range of 
structures including airplane wings, bridge decks, light poles, tall buildings and any other 
structures for which studying a 2-D portion of its span length can be representative of the 
entire length.  
The current methods for designing bridges considering wind effects depend 
heavily on the application of flutter derivatives. Flutter derivatives are used to describe 
the aeroelastic characteristics of the bridge deck which can be obtained from sectional 
model testing under simulated wind conditions using a forced or free vibration test rig. 
Forced vibration technique was developed by Kawashima et al (1963) and was applied to  
bridges by Ukeguchi and Sakata (1965) to study aeroelastic instability. In forced 
vibration methods, the sectional model is excited sinusoidally in the required degree of 
freedom with fixed amplitude and frequency using an external actuator. The wind-
induced loads are measured at supports by comparing the results from the no wind 
condition to the condition that wind is blowing. The flutter derivatives are obtained from 
the forced vibration method by identifying the phase lag between the model displacement 
time history and the aerodynamic load time history and using the data in the relevant 
algorithms. The evaluation of flutter derivatives is simpler from the forced vibration 
method compared to the free vibration method. However, due to the complexities 
associated with building a test setup to force the model motion, the free vibration 
technique is preferred.  
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The free vibration method was first used by Scanlan and Tomko (1971) to 
experimentally obtain the flutter derivatives. In free vibration methods, the sectional 
model is usually suspended by a series of elastic springs to permit the sectional model to 
move with specified vertical and torsional modal frequencies. The sectional model is 
displaced to an initial position and is released to vibrate freely at a fixed wind speed for a 
given time period while the displacements are measured. Extracting the flutter derivatives 
from free vibration methods requires implementing a system identification process on the 
displacement time histories that are recorded at a number of wind speeds. Several 
methods have been proposed by different researchers during the years to improve the 
system identification procedure (Brownjohn and Jakobsen, 2001; Chowdhury and Sarkar, 
2004; Gu et al, 2000; Sarkar et al, 1994).  
Sectional model testing can also be used to study the self-limited vibrations 
caused by vortex induced vibration (VIV) (Laima et al, 2013; Larsen and Wall, 2012) in 
addition to finding the flutter derivatives for evaluating stability. Due to the limitations in 
the size and the maximum wind speeds that conventional wind tunnels can generate, wind 
tunnel tests are often performed at ܴ݁ 100 to 1000 times smaller than the prototype ܴ݁. 
Recent literature (Larsen et al, 2008; Schewe and Larsen, 1998) showed that results from 
conventional wind tunnel testing at low Reynolds number (ܴ݁) can be different from 
what is expected on the prototype at higher ܴ݁. It is therefore of interest to conduct wind 
effect experiments in a higher ܴ݁ regime which is closer to the prototype ܴ݁ range. 
In this chapter, the requirements to develop a large scale testing facility are 
examined with a view to using sectional model tests at higher ܴ݁. A design approach for 
an experimental setup which is capable of performing free vibration sectional model 
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model should be representative of the prototype structure dynamic behavior, i.e. damping 
and stiffness.  
To ensure that the observed response on the model is representative of the 
prototype structure, several non-dimensional parameters should be equal between the 
model and the prototype.  Froude number (Fluid inertia force/Gravity force), Cauchy 
number (Elastic force/Fluid inertia force), Reynolds number (Fluid inertia force/Fluid 
viscous force), Density parameter (Inertia force of structure/Fluid inertia force) and 
Damping ratio (Damping/Critical damping) are the non-dimensional parameters that need 
to be equal between the scaled model and prototype so that the results from wind tunnel 
testing can be representative of the actual response of the prototype. Wind loads and 
resulting dynamic responses measured from sectional model testing, satisfying the 
scaling rules, can be analytically extended to predict the response of the prototype 
structure. 
With sectional models, gravitational forces do not affect the model dynamics.  
Therefore velocity scaling can be selected arbitrarily rather than by respecting the Froude 
Number (Wardlaw, 1980). Table 1 gives a summary of the parameters that need to be 
equal between the model and prototype for sectional model testing. 
Table 1: Table 1 Scaling rules for sectional model testing 
Geometry Cross-sectional shape and detailing 
Mass parameter ௠
ఘ஻మ , 
ூ
ఘ஻ర 
Elastic parameter ௎
௙೓஻ , 
௎
௙ഀ஻ 
Structural damping ߦ௛ , ߦఈ 
Frequency parameter ఈ݂
௛݂
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Where, ܷ is the wind speed (m/s), ߩ is air density (kg/m3), ܤ is the width of 
bridge deck (m); ௛݂ and ఈ݂ are vertical and torsional frequencies (Hz); ݉ and ܫ are mass 
and mass moment of inertia per unit length (kg.m2/m); ߦ௛ , ߦఈ are vertical and torsional 
damping ratios.  
Scruton number (Sc), is an important non-dimensional parameter for vibration 
problems which controls the amplitudes of vibration generated due to vortex induced 
vibration (Wardlaw et al, 1983). Scruton number is a joint function of the mass parameter 
and structural damping and can be obtained from the following equation: 
ܵܿ = 4ߨ݉ߦߩܤଶ  (1)
The response of the prototype deck due to vortex induced vibration can be 
estimated from sectional model testing as long as the similarity requirements are satisfied 
and the simulated wind flow is representative of the actual wind flow that the prototype 
deck experiences. In order to study vortex induced vibration using a scale model, the 
testing wind speed, frequency of the motion and model width should be selected so that 
the reduced velocity (ܷ ݂ܤ⁄ ), corresponding to vortex induced vibration in the prototype, 
can be achieved in the experiments. In the context of bridges, vortex induced vibration 
usually occurs at low to moderate wind speeds on the prototype.  In a wind tunnel study, 
either the testing wind speed should be very small or the frequency of the motion should 
be very large so that the range of small reduced velocities needed for vortex induced 
vibration studies can be achieved.  
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Self-exited forces generated due to the structural motion in a wind flow can be 
obtained from the following equations along the vertical and torsional degrees of freedom 
(Scanlan, 1978): 
ܮ௛ = ଵଶ ߩܷଶܤ ቂ݇ܪଵ∗(݇)
௛ሶ
௎ + ݇ܪଶ∗(݇)
஻ఈሶ
௎ + ݇ଶܪଷ∗(݇)ߙ + ݇ଶܪସ∗
௛
஻ቃ  (2)
ܯఈ = ଵଶ ߩܷଶܤଶ ቂ݇ܣଵ
∗(݇) ௛ሶ௎ + ݇ܣଶ
∗ (݇) ஻ఈሶ௎ + ݇ଶܣଷ
∗(݇)ߙ + ݇ଶܣସ∗ ௛஻ቃ  (3)
where, ݇ is the reduced frequency (2ߨ݂ܤ/ܷ), ℎ and ߙ are the vertical and 
torsional displacements, over-dot indicates the derivatives with respect to time and ܪ௜∗ 
and ܣ௜∗(݅ = 1 to 4) are flutter derivatives. 
To acquire the flutter derivatives, used in the stability analysis of the bridge 
decks, free vibration sectional model testing is often performed in a smooth flow 
condition. Flutter derivatives are normally obtained over a wide range of non-
dimensional reduced velocity (ܷ ݂ܤ⁄ ). The maximum testing wind speed should be 
higher than the critical velocity for the studied aerodynamic instability phenomenon (i.e. 
critical flutter velocity). The desired natural frequency of the system for the vertical and 
torsional degrees of freedom can be obtained from the highest reduced velocity that needs 
to be generated for a particular experiment. The required vertical and torsional stiffness 
of the system can be evaluated from the following equation: 
ܭ = ߱ଶܯ (4)
where ܭ is the stiffness resulted from the springs, ߱ is the desired circular 
frequency in rad/sec, and ܯ is the participating mass or mass moment of inertia for a 
particular degree of freedom. It is to be noted that ܯ denotes the total mass over the 
entire span while ݉ is the mass per unit length (݉=ܯ/span length). 
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Figure 4: S-shaped load cell 
 
In order to perform static (motionless) tests on sectional models, the springs can 
be removed from the test rig. Figure 5 shows an overview of the test rig for performing 
static tests. Four L-shaped steel beams are added to the test setup to provide a support for 
a fixed connection. A pair of JR3 multi-axis load cells are installed on top of the L-
shaped beams on each side as shown in Fig. 5. Finally, the I-beams on the two ends of the 
models are rigidly fixed to the load cells so that the wind-induced loads can be measured 
on the sectional model. 
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The span length of the model was limited to 3 m based on the dimensions of the 
test section and to ensure a uniform wind flow across the span length. According to the 
literature (Laima et al, 2013; Piña and Caracoglia, 2009), aspect ratios (ratio of the span 
length to model width) as low as 1.6 are adequate to ensure a 2-D airflow along the 
section model length which can be representative of the aerodynamic response of the 
prototype. Requirements of the minimum aspect ratio and limitations in the maximum 
span length resulted in the selection of the model width to be equal to 1.9 m, equivalent 
to 1/36 scaling factor for the studied bridge deck. 1/36 scaled model was therefore the 
largest model of this particular bridge deck that could be tested using WOW. However, 
models with smaller dimensions could also be studied using the current setup, keeping in 
mind the lower ܴ݁ regime that they would represent.  
Scaling rules require the equality of the mass parameters between the model and 
the prototype. Based on the information on the mass, mass moment of inertia and 
dimensions of the prototype, the mass parameters ݉ ߩܤଶ⁄  and ܫ ߩܤସ⁄  are calculated to be 
equal to 9.6 and 1.1 respectively. Therefore, the mass per unit length for a 1/36 scaled 
model should be equal to 47.2 kg/m. In order to make a model which satisfies the mass 
scaling requirement, the rigid model was made out of a wooden frame and was covered 
by Plexiglas plates to produce the final cross sectional shape (see Fig. 8). The total mass 
of the sectional model with the inclusion of the connecting equipment (The two I-beams 
connecting the sectional model to the springs) was measured to be equal to 163 kg, 
meaning that ݉ ߩܤଶ⁄ 	was equal to 11.9 on the model which is higher than the targeted 
value. However, the damping of the vibrating system can be adjusted to meet the target 
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Figure 9: Strouhal number as a function of Re 
 -6°  -3°  0°  +3°  +6° 
 
Due to the alternating shedding of vortices, periodic forces are generated that 
result in structural motion in a plane normal to the direction of wind flow. Significant 
vibration can occur when the frequency of vortex shedding approaches one of the natural 
frequencies of the structure. These cross-wind vibrations have a strong organizing effect 
on the vortex shedding pattern which can increase the strength of the vortices and couple 
the vortex shedding frequency to the natural frequency of the structure. This phenomenon 
is known as lock-in. The critical wind speed ( ௖ܷ௥) at which lock-in occurs can be 
estimated using the Strouhal number relation: 
௖ܷ௥ = ௙೓ுௌ௧   (6)
where ௛݂ is the natural frequency of the structure in the heaving (vertical) 
direction. 
From eq. (4), the total stiffness of the springs in the vertical direction should be 
equal to ߱௛ଶܯ. It is known that circular frequency in the vertical direction is equal to: 
߱௛ = 2ߨ ௛݂ (7)
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The springs’ total stiffness can be calculated from the combination of eqs. (4) to 
(7), as: 
ܭ = ቀଶగ௎೎ೝௌ௧ு ቁ
ଶ ܯ  (8)
ܵݐ is a factor of the cross-section shape and the ܴ݁ at which the tests are 
performed. For the given bridge deck, the ܵݐ  value is adopted as 0.15, based on the 
measurements on the static tests. In order to reduce the stiffness of the required springs 
and use softer springs, one option is to perform tests on larger scaled models (increasing 
ܪ). It would also be possible to use softer springs either by decreasing the model weight 
or performing the tests at smaller wind speeds. For the current test setup, the minimum 
wind speeds simulating a uniform flow along the span length using WOW was taken as 
around 10 m/s. The scale factor of the largest sectional model which can be tested in 
WOW for the given section was found to be 1/36 (ܪ =0.15 m). The total mass of the 
1/36 scaled model without the inclusion of the moving part of the springs was also 
measured to be equal to 163 kg. From eq. (8) and the given data, the total stiffness of the 
springs that can be used to study the vortex induced vibration on the given cross-sectional 
shape should be larger than 643498.2 N/m. As a result, the stiffness of each spring should 
be larger than 20110 N/m if a total number of 32 springs is used to suspend the model. It 
is clear that the stiffness of each spring should be larger than this value as the weight of 
the moving part of the springs was not included in the calculations. The information on 
the properties of an extension spring made by ܵݐ݁ݎ݈݅݊݃	ܵ݌ݎ݅݃ݏ	ܮ. ܮ. ܥ is given here to 
demonstrate the spring weight effects on the calculations: 
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Table 3: Properties of an extension spring made by Sterling Sprigs L.L.C  
Wire diameter (mm) 9.2  
Spring rate (N/m) 18038 
Mean diameter (mm) 33.5  
Spring index 3.6409 
Initial free length (m) 1.0  
Maximum deflection (m) 0.18  
Weight (kg) 5.6  
 
From table 3, the total weight of the springs would be equal to 179.2 kg (for 32 
springs) and if only 1/3 of the springs’ weight gets involved in the motion, the total mass 
that needs to be considered for the spring calculations would be around 222.7 kg. A 
second iteration on the required stiffness of springs from eq. (8) results in 879316 N/m 
for the total of 32 springs, meaning that the stiffness of each spring should be larger than 
27478.6 N/m. One alternative to use softer springs is to reduce testing wind speeds. For 
example, by reducing the range of testing wind speed by a factor of 2, springs which are 
4 times softer can be used. WOW is an open jet facility and such condition can be 
achieved by performing the tests at times of the day that natural winds are small enough 
so that they don’t interfere with the test results. 
A similar procedure can be followed to obtain the required spring stiffness to 
perform tests for flutter derivative identification. The only difference is that for this 
purpose, the maximum reduced velocity that needs to be simulated is the factor that 
determines the stiffness. From the reduced velocity equation: 
௛݂ = ௎୰ୣୢ୳ୡୣୢ ୴ୣ୪୭ୡ୧୲୷×஻  (9)
From Eq. (9) it is seen that the frequency of motion is a factor of the testing wind 
speed. A larger testing wind speed is of interest to capture the effect of ܴ݁. For example, 
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SUMMARY AND CONCLUSIONS 
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observed that vortex shedding was more pronounced around the downstream deck and at 
a larger frequency compared to the upstream deck. 
The effect of the deck furniture including the traffic barriers and an attached bike 
path was studied by including these features in the model with the smallest gap width. 
The results showed that the mean pressure distribution was significantly influenced by 
the inclusion of the traffic barriers. The traffic barriers not only changed the local 
pressures on the top surface, but also they increased the negative pressure over the 
bottom surface, due to the blockage effect on the top surface.  The pressure modifications 
due to the traffic barriers and the direct effect of the wind on the barriers resulted in the 
formation of a larger lift and drag. Between the aerodynamic coefficients, only the 
derivative of the drag coefficient with respect to the angle of attack showed sensitivity to 
the inclusion of the traffic barriers. The mean pressure distribution and the measured 
loads showed little sensitivity to the inclusion of the bike path and appendages in the 
simulation of the cross sectional shape. It was observed that with the addition of the 
traffic barriers and the bike path to the bare deck section, vortex shedding was not greatly 
affected. 
 
  
183 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
CHAPTER VII 
RECOMMENDATIONS FOR FUTURE RESEARCH  
  
an
T
br
ae
fu
fo
ra
fa
re
7
re
re
dy
du
st
ef
d
am
m
 
In this
d shape de
he objective
idge experi
rodynamic 
rther resear
r future wo
nge, turbule
cilities that 
commendat
 Dynam.1
In thi
sponse of a
quirements 
namic test 
e to vortex
ructural mo
fect of stru
evices can a
plify or m
easured usin
RECOM
 study, the e
tails were in
 of this diss
ments by p
response of
ch on the w
rk include 
nt flow con
enable dyna
ions for futu
ic Tests at H
s dissertatio
 twin-deck 
for a two-d
rig can be u
 induced v
tions can be
ctural motio
lso be eval
itigate vorte
g this dyna
MENDAT
ffect of flow
vestigated 
ertation was
ointing out
 twin deck 
ork perform
expanding t
ditions, mod
mic testing 
re research 
igh ܴ݁ to S
n, the effec
bridge by te
imensional 
sed to study
ibrations. T
 simulated 
ns on the br
uated at hig
x shedding
mic test rig 
18
CHAPTER 
IONS FOR
 parameter
on the aerod
 to increase 
 the effects
bridges. In 
ed in this d
he paramete
el dimensio
for studying
are describe
tudy Aeroel
ts of high ܴ
sting scaled
dynamic te
 the aeroela
he interacti
using the m
idge respon
h ܴ݁ to inv
 around the
by introduci
4 
 VII
FUTURE R
s (i.e. ܴ݁ an
ynamic res
the accurac
 of aforem
this section
issertation a
r ranges of
ns and shap
 the aeroela
d in the foll
astic Respon
݁ were ev
 models in 
st rig were 
stic respons
on of the w
entioned tes
ses. The eff
estigate how
 section. Flu
ng an initia
ESEARCH 
d turbulenc
ponse of tw
y of the win
entioned pa
 some recom
re listed. R
 the current
e details) an
stic respons
owing sectio
se 
aluated on 
static condi
provided in
e of the stud
ind-induce
t rig to furt
iciency of v
 the struct
tter derivat
l condition a
e characteri
in deck bri
d simulation
rameters on
mendation
ecommenda
 project (e.g
d improvin
e of models
ns. 
the aerodyn
tion. The d
 Chapter V
ied cross se
d loads and
her highligh
ortex mitig
ural motion
ives can als
nd allowing
stics) 
dges. 
s for 
 the 
s for 
tions 
. ܴ݁ 
g the 
. The 
amic 
esign 
. The 
ction 
 the 
t the 
ation 
s can 
o be 
 free 
vcu
m
re
dy
7
th
sh
w
pr
so
T
te
7
an
br
ae
1
 
ibrations to 
rrent test s
inimum win
search need
namic tests
 Compar.2
The v
at are relat
edding freq
ere measure
ototype brid
ftware and 
he results fr
sts to invest
 Investig.3
In thi
d bike pat
idge. In or
rodynamic 
. Railings: 
role on th
to study t
and stabil
investigate
etup availab
d speeds th
s to be don
. 
ison of Exp
ortex shedd
ed to the f
uency whic
d in this stu
ge can be e
applying the
om this num
igate the acc
ating the Ef
s study the 
h were eva
der to exte
response, th
According t
e vortex she
he effects of
ity at high ܴ
 the effect 
le, particula
at the WOW
e to make 
erimental R
ing generate
luctuating l
h can be cal
dy using sta
stimated by
 vortex she
erical anal
uracy of the
fect of Add
effects of v
luated on th
nd knowled
e effect of th
o the result
dding from
 edge railin
݁. 
18
of ܴ݁ on t
rly the heav
 can gener
the system 
esults with A
d loads can
ift coefficie
culated from
tic sectiona
 modeling th
dding loads 
ysis can be 
 simple ana
itional Shap
ortex mitiga
e aerodyna
ge on the 
e following
s of this stu
 the studied 
gs and their
5 
win-deck b
y weight o
ate, the syst
functional a
nalytically
 be represe
nt due to 
 the Strouh
l models. Th
e bridge us
by a simple
compared t
lytical meth
e Details 
tion device
mic respon
effects of 
 appurtenan
dy, traffic 
bridge secti
 details on t
ridges insta
f the model 
em is not fu
nd availabl
 Obtained R
nted using 
vortex shed
al number. T
e aeroelasti
ing a Finite 
 harmonic l
o the result
od. 
s, gap width
se of the st
shape detail
ces could al
barriers play
on. It is the
he vortex in
bility. With
and the lim
nctional. Fu
e for perfor
esults 
sinusoidal f
ding and v
hese param
c response o
Element Me
oad as descr
s of the dyn
, traffic ba
udied twin-
s on the b
so be evalua
ed an impo
refore of int
duced vibra
 the 
it on 
rther 
ming 
orces 
ortex 
eters 
f the 
thod 
ibed. 
amic 
rriers 
deck 
ridge 
ted: 
rtant 
erest 
tions 
23
7
T
th
o
in
fl
si
fu
7
fr
in
w
 
. Vortex m
two conve
evaluated
including 
proper vo
. Larger an
were teste
optimizin
aeroelasti
 Partial .4
In thi
urbulence S
e studied cr
f the given 
tensities an
utter wind s
milar behav
rther study.
 Buffetin.5
In this
om the sp
tensities and
ise separati
itigation dev
rging rectan
 at high ܴ
guide vane
rtex mitigati
d smaller g
d in this stu
g the gap w
c responses.
Turbulence 
s study, redu
imulation m
oss section 
hypothesis 
d for a wid
peed and am
ior exists fo
 
g Loads 
 study, the 
ectral appro
 turbulence
on length c
ices: In this
gular plates
݁ regime. 
s can also 
ng devices t
ap widths: g
dy. Larger a
idth for tw
  
Simulation
ced turbule
ethod was 
to the appro
needs to be 
er range of 
plitudes of 
r the self-e
basic param
ach were 
 integral len
onsidered h
18
 study, the e
 attached to
Several oth
be evaluate
hat are effec
ap width to
nd smaller 
in-deck bri
nce intensit
used to rela
aching flow
evaluated f
aerodynami
vibration du
xcited force
eters impor
measured a
gth scale to 
ere was lar
6 
ffects of vo
 the bottom
er types of
d at high ܴ
tive at prot
 single dec
gap widths c
dges consid
y which is 
te some of 
 turbulence
or a wider 
c and aeroe
e to vortex 
s mentione
tant in the c
nd compar
bridge widt
ge compare
rtex generat
 surfaces of
 vortex m
݁. This can
otype condit
k ratios of 0
an also be s
ering the a
defined bas
the aerodyn
 characteris
range of red
lastic featu
induced vibr
d here is an
alculation o
ed for diff
h ratios. The
d to the tur
ors compos
 the models 
itigation de
 help to ch
ion. 
.5, 0.75 an
tudied to he
erodynamic
ed on the P
amic featur
tics. The va
uced turbu
res includin
ations.  Wh
 issue worth
f buffeting 
erent turbu
 minimum 
bulence int
ed of 
were 
vices 
oose 
d 1.0 
lp in 
 and 
artial 
es of 
lidity 
lence 
g the 
ether 
y of 
loads 
lence 
span-
egral 
187 
 
length scale of the approaching flow. In order to better capture the spatial distribution of 
wind-induced loads and compare the results to spatial distribution of the approaching 
flow, it is recommended that tests be performed for a larger number of separation lengths 
with a wider range of lengths including very short to very large separation lengths. Also, 
the tests could be repeated for dynamic condition in which the motion-induced effects on 
buffeting loads can be captured. This would help to identify differences between 
stationary and oscillating body buffeting forces. 
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